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PREFACE. 


It  has  been  tritely  remarked  that  "  There  is  nothing  new  under 
the  sun."  In  view  of  this  sapient  aphorism  the  reader  will  not  ex- 
pect to  find  much  that  is  strange  or  remarkable  in  the  present  vol- 
ume. Books,  however,  are  something  like  kaleidoscopes,  in  which- 
ideas,  like  the  bits  of  colored  glass,  resolve  themselves  into  innumer- 
able stellate  forms,  presenting  to  the  inspector  picture  after  picture, 
each  of  seemingly  different  origin  from  the  preceding  ones.  While 
investigating  a  subject,  it  has  been  the  custom  of  the  author  to  obtain^ 
all  the  works  by  different  writers  on  the  question  under  consideration,, 
and  to  read  them  successively ;  thereby  viewing  the  matter  from  a 
number  of  different  standpoints.  He  has  found  this  an  exceedingly 
valuable  way  of  acquiring  information,  and  remembers  with  the  live- 
liest sense  of  gratitude  the  various  expositors  from  whose  differing 
horizons  he  has  scanned  the  landscape  of  complicated  topics. 

The  present  volume  has  been  prepared  chiefly  from  the  aspect  of 
the  author's  experience,  and  is  an  endeavor  to  collect  and  arrange  in 
an  accessible  and  convenient  form  the  data  necessary  to  the  scien- 
tific designing  and  proportioning  of  Electrical  Circuits.  No  attempt 
has  been  made  to  describe  any  Central  Station  machinery ;  for  the 
scope  of  the  volume  would  not  permit  of  an  extension  beyond  the 
material  relevant  to  the  "  Transmission  of  Energy,"  so  aptly  and 
untranslatably  termed  by  the  French  "Canalisation." 

The  opening  chapters  are  devoted  to  an  outline  of  Circuits,  and 
to  an  annunciation  of  the  principles  and  laws  governing  Conductors 
and  Insulators.  This  is  followed  by  a  discussion  of  the  methods  of 
constructing  Aerial  Lines  and  description  of  Underground  Conduits. 
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and  Conductors.  Succeeding  these,  a  chapter  is  devoted  to  Testing 
Instruments,  and  one  to  the  Methods  of  Measuring  and  Inspecting 
Lines,  and  of  determining  and  remedying  any  faults  that  may  be  found 
Xo  exist.  In  Chapters  VII.  and  VIII,,  the  laws  of  Continuous  and 
Alternating  Circuits  are  exhibited.  Subsequently,  distribution  proper 
is  treated  in  three  chapters,  under  the  heads  of  "  Series  Distribu- 
tion," "Parallel  Distribution,"  and  "Miscellaneous  Methods."  In 
the  concluding  chapter,  a  rough  approximation  is  given  for  obtaining 
the  cost  of  Circuits  and  cost  of  the  production  of  Electrical  Energy. 

It  has  been  the  attempt  of  the  author  to  herein  collate  such 
methods  of  Circuit  Construction,  in  connection  with  tabulated  data, 
as  have  been  sanctioned  by  the  best  practice,  both  in  this  country 
and  in  Europe.  No  attempt  has  been  made  to  render  the  volume  an 
encyclopedia;  and,  therefore,  all  matter  obsolete  or  antiquated  has 
been  rejected,  and  only  such  is  presented  as  seems  to  be  fully  war- 
ranted by  the  present  state  of  the  art.  Wherever  possible,  the  lines 
along  which  future  practice  is  likely  to  lie  have  been  indicated.  The 
chapters  on  measuring  instruments  and  methods  of  testing  have 
been  carefully  abridged  to  include  only  such  information  as  is  valu- 
able to  the  practicing  engineer,  laboratory  appurtenances  and  meth- 
ods being  entirely  eliminated.  In  a  large  proportion  of  the  methods 
of  measurement,  the  simple  literal  formulae  for  the  solution  of  the 
problem  in  question  are  given,  without  any  attempt  at  the  necessary 
demonstration  of  the  truth  of  the  same.  Inasmuch,  however,  as 
nearly  all  such  formulae  are  directly  derivable  from  the  laws  of  Ohm 
and  Kirchhoff,  involving  only  algebraic  processes,  the  reader  can 
easily  deduce  the  equations  for  himself.  For  a  more  complete  expo- 
sition of  the  methods  of  measurement,  the  reader  is  referred  to  the 
works  of  Hospitaller,  Gerard,  Weiller  &  Vivarez,  Kempe,  and  Monroe 
&  Jameson.  In  the  chapters  on  Distribution,  sufficient  importance  is 
attached  to  the  subject  to  give  the  mathematical  discussion  in  full, 
involving,  however,  only  the  simplest  applications  of  the  calculus. 
Wherever  practicable,  liberal  use  of  illustrations  has  been  made  ;  for 
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ocular  demonstration  is  always  much  clearer  and  more  concise  than 
any  verbal  description. 

To  the  works  of  Picou,  Hospitalier,  Cadiat,  Gerard  &  Weiller, 
Kempe,  Thomson,  Kennelly,  Ayrton,  Perry,  Preece,  and  Heaviside, 
and  to  the  "  Transactions  of  the  Electrical  Engineers,"  the  London 
Electrician,  the  Electrical  World,  the  Electrical  Engineer,  and  La  Lu- 
tni^re  Electrique,  also  the  Street  Railway  Journal,  the  author  has- 
long  been  indebted  for  information  that  has  happily  led  to  the  suc- 
cessful construction  of  many  transmission  plants,  and  which,  passed 
through  the  sieve  of  experience,  is  here  presented  to  the  public ;  and 
for  benefits  thus  derived,  he  has  long  wished  for  an  opportunity  to 
gratefully  acknowledge  his  obligation.  Acknowledgment  is  particu- 
larly due  to  Mr.  F.  J.  Dommerque,  for  aid  in  the  preparation  of 
many  of  the  tables,  and  in  verification  of  the  proof-sheets.  Con- 
vinced, from  the  standpoint  of  experience,  of  the  utility  of  the  infor- 
mation, the  author  trusts  that  the  electrical  section  of  the  engineering 
profession  may  find  the  present  presentation  of  value  in  practical 
construction. 

CaiCAOo,  liJ^y««.  IS,  189}. 
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PREFACE  TO  SECOND  EDITION. 


In  the  three  years  which  have  closed  since  the  publication  of 
the  first  edition  of  The  EUetrical  Transmission  of  Eitergy,  the  ex- 
tension of  practical  applications  of  electricity  has  even  far  exceeded 
the  most  sanguine  prophesies  of  growth ;  hut  during  this  time  prog* 
ress  has  heen  chiefly  along  commercial  lines  rather  than  those  of 
invention.  Few  new  or  startling  ideas  may  he  chronicled,  but, 
through  the  furnace  of  practical  experience,  that  which  was  good 
has  been  refined  and  freed  from  the  dross  of  theory,  —  has  settled 
into  seciire  and  reliable  commercial  forms.  The  Author,  there- 
fore, has  little  to  add  or  change  in  such  portions  of  this  work  as 
are  purely  theoretical,  but  details  of  practice  have  received  careful 
revision. 

It  was  with  much  apprehension  that  the  Author  watched  the 
reception  of  the  iirst  edition,  but  its  appearance  developed  so  many 
hitherto  unknown  friends,  and  even  its  most  severe  critics  were 
withal  so  just  and  kindly,  that  a  feeling  of  gratitude  soon  displaced 
fear;  and  to  all  who  have  aided,  either  with  welcome  words  of 
commendation,  or  the  more  valuable  though  perhaps  less  pleasing 
phrases  of  criticism,  the  Author  here  returns  his  most  sincere 
acknowledgments. 

Chicaoo,  Nat.  i,  iSgS. 
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PREFACE  TO  FOURTH  EDITION. 


Ih  the  half-decade  that  has  elapsed  since  the  second  edition  of 
The  Elearical  Transmission  of  Energy  appeared,  the  practice  of  trans- 
mitting enei^  by  means  of  electricity  has  extended  by  leaps  and 
bounds  until  to-day  one  can  hardly  gaze  from  the  window  of  a  railway 
train  without  encountering  the  pyramidal  cross-arms  of  a  transmission 
drcuit. 

Subjected  to  the  alchemy  of  many  minds,  the  cruder  practice  of  a 
decade  ^o  has  undei^ne  a  refining  and  clarifying  process  that  has 
purged  away  various  errors,  and  has  reduced  the  practice  of  building 
transmission  lines  to  an  approximately  uniform  standard.  To  cor- 
respond to  more  modem  methods  much  that  was  more  or  less  tenta- 
tive in  the  former  editions  has  been  omitted,  and  its  place  filled  by 
matter  relative  to  transmission  lines  as  they  now  exist.  The  electric 
railway,  always  progressive,  having  rebuilt  the  urban  systems  of  the 
continent,  stretches  intenirbanwise,  and  is  fast  linking  together  the 
large  cities  in  a  network  that  will  soon  rival  the  steam  lines.  So  the 
chapter  on  electric  railway  circuits  has  been  completely  remodeled. 
To  the  paragraphs  on  the  methods  of  constructing  alternating  cur- 
rent lines,  enough  has  been  added  to  enable  the  student  to  deal  with 
the  problems  arising  in  the  transmission  line  in  the  light  of  the  prac- 
tice of  to-day ;  and  finally,  the  section  relating  to  cost  of  plant  and  cost 
of  producing  electricity  has  been  thoroughly  modernized. 

Thus  rehabilitated,  the  fourth  edition  is  presented  to  the  public. 
The  author  trusts  that  its  former  friends  may  perceive  the  effects  of 
many  kindly  and  valuable  su^estions,  and  that  thus  improved  and 
enlai^ed  The  Electrical  Transmission  of  Energy  may  win  for  itself 
an  ever-widening  circle  of  readers. 

Arthur  Vaoghan  Abbott. 

NSW  VOKE,  AugHtt,  1904. 
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THE 

Electrical  Transmission  of  Energy. 


CHAPTER    I. 
INTROD  ncnoH . 

ELECTRICAL  DISTRIBUTION. 

Art  L  Distribation  in  General  —  The  distribution  of  Elec- 
tricity comprises  a  study  of  the  appropriate  methods  for  supplying 
Electrical  Energy,  generated  by  one  or  more  sources,  to  a  number  of 
receiving  mechanisms,  or  translating  devices,  the  quantity  given 
to  each  one  being  properly  proportioned  to  its  needs ;  the  investiga- 
tion of  the  conditions  for  accomplishing  this  distribution  in  the  most 
exact  and  economical  manner ;  and  finally  an  examination  of  the 
means  whereby  distributing  plants  may  be  rendered  permanent, 
durable,  and  secure. 

The  methods  of  distribution  are  chiefly  controlled  by  the  way  in 
which  it  is  considered  advisable  to  arrange  the  receiving  mechanisms. 
This  arrangement  of  the  receivers  is  indicated  by  the  service  which 
they  are  called  upon  to  perform,  and  being  involved  in  the  design  of 
the  plant  in  question,  must  be  settled  in  each  particular  case  for 
itself. 

Three  principal  methods  are  common  for  the  arrangement  of  the 
receiving  mechanisms ;  they  may  be  arranged  in  Series,  in  Parallel, 
or  by  a  Combination  of  the  two  previous  methods.  It  is  also  fre- 
quently advisable  to  employ,  between  the  generators  and  the  re- 
covers, intermediate  or  auxiliary  contrivances,  such  as  accumulators, 
transformers,  or  the  like,  the  use  of  which  gives  rise  to  the  various 
problems  in  indirect  distribution. 
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2.  Distribntloii  in  Series.  —  Under  this  method  all  of  the 
receivers  are  placed  one  after  the  other  in 
succession  upon  a  single  conductor  extending 
throughout  the  entire  circuit  from  pole  to 
pole  of  the  generator.  This  method  is  illus- 
trated in  Fig,  1, 

8.  Distribation  in  Parallel.  —  In  this 
system  one  or  more 
pairs  of  conductors, 
running   parallel    to 

each  other,  are  arranged,  extending  to  the 
limits  of  the  circuit.  Each  receiver  is  con- 
nected across  one  of  the  pairs  of  mains, 
thus  forming  a  circuit  which  is  independent 
of  that  of  every  other  receiver.  See  Fig.  2. 
4.  Mixed  Systems.  —  A  combination 
of  the  two  preceding  methods  is  a  natural 
consequence,  giving  rise  to  designs  as  ex- 
emplified in  Fig.  8,  some  of  the  receivers 
being  placed  in  parallel,  as  previously  indi- 
cated, while  others  may  be  placed  in  series 
and  joined  across  the  mains  from  the  gener- 
ator, each  series  circuit  being  arranged  in 
parallel  to  all  the  other  series  circuits,  thus  uniting  in  one  both 


systems.  Obviously,  to  unite  the  generators  in  series  and  then  to 
place  them  across  the  mains  in  parallel,  in  a  manner  similar  to  the 
arrangement  of  the  receivers,  readily  followed ;  giving  rise  to  the  now 
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systems   now  used  for  direct 
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famous  three,  five,  and  seven  wi 
current  distributions  of  magnitude. 

5.  Indirect  Distribution.  —  Finally,  if  between  the  generator 
and  the  receiver  intermediate  contrivances  for  transformation  or  accu- 
mulation of  Electrical  Energy  are  em- 
ployed, the  arrangement  of  the  circuits 
between  the  generator  and  the  accumu- 
lator, or  transformers,  and  between  the 
latter  and  the  receivers,  may  be  entirely 
different.  For  example.  Fig.  4  shows 
in  outline  the  combination  of  a  lamp 
circuit  fed  by  accumulators  charged 
from  a  generator ;  the  accumulators 
are  in  series  across  the  mains  of  the 
generator,  while  the  lamps  are  placed 
in  parallel  across  two  halves  of    the  battery  of  accumulators. 

The  various  methods  here  outlined,  together  with  the  ramifications 
and  modifications  practically  found  to  be  of  advantage,  will  be  suc- 
cessively considered,  proceeding  from  the  simple  to  the  more  com- 
plicated forms.  Previously,  however,  it  is  advisable  to  examine  the 
characteristics  of  the  materials  adapted  to  the  construction  of  electric 
circuits ;  and  to  study  such  methods  of  construction  as  the  present 
state  of  the  art  indicates  as  advisable.  It  is  also  desirable  to  become 
sufficiently  familiar  with  electrical  instruments  and  methods  of  meas- 
uring to  enable  the  practitioner  to  examine  into  and  determine  the 
performance  of  a  transmission  plant,  and  to  remedy  any  defects  or 
faults  that  may  be  revealed. 
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CHAPTER  II. 

THB  PR0FI1RTIB8   OF  WZZtS. 

Art.  6.  Every  present  system  for  the  distribution  of  energy 
by  electricity  comprises,  as  its  most  important  constituent,  a  circuit 
formed  of  some  substance  which  is  a  good  conductor  of  electricity, 
and  which,  connecting  the  generators  and  various  receivers,  conveys 
to  each  its  appropriate  supply.  Inasmuch  as  the  metals  are  the  best 
conductors,  they  are  universally  selected  to  form  at  least  a  part  of 
the  conducting  circuit,  and  for  this  purpose  are  most  conveniently 
employed  in  the  form  of  bands,  or  rods  of  small  dimensions  usually 
termed  wire. 

7.  "Wire  Manufaoture.  —  While  a  detailed  description  of  the 
process  of  wire  manufacture  is  foreign  to  the  scope  of  this  work, 
it  is  advisable  to  outline  it  sufficiently  to  enable  a  proper  design  for 
the  line  circuit  to  be  made.  So  far  as  the  distribution  of  electrical 
energy  is  concerned,  but  four  kinds  of  wire  have  any  commercial  im- 
portance,— iron,  copper,  alimiinum,  and  the  various  forms  of  bronze. 
The  metal  to  be  formed  into  wire  is  cast,  or  rolled,  into  masses  about 
six  inches  square  by  three  or  four  feet  in  length,  technically  termed 
"  Blooms ; "  and  each  bloom  is  then,  by  succeeding  passes  through 
rolls,  reduced  to  a  long  and  slender  rod  about  half  an  inch  in  diam- 
eter, and  approximately  of  a  circular  section.  Wire  smaller  than 
this  size  it  has  been  found  impracticable  to  roll.  For  the  lesser 
diameters  recourse  is  had  to  the  process  of  wire  drawing,  which 
consists  in  pulling  the  rolled  rod  through  constantly  decreasing  holes 
in  a  series  of  hardened  steel  or  agate  plates.  Thus  the  rod  is  given 
an  exact  circular  cross-section,  and  by  repeated  passes  through  the 
dies  may  be  reduced  in  diameter  to  any  desired  extent. 

8.  Hard-Drawing.  —  Pulling  the  raetal  through  the  die  produces 
a  change  in  its  molecular  structure,  whereby  the  rod  becomes  consid- 
erably compressed  and  hardened,  its  tensile  strength  being  markedly 
augmented,  with  a  corresponding  diminution  in  elasticity.  This 
effect,  which  seems  to  be  analogous  to  the  process  of  tempering  in 
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steel,  becomes  of  great  importance  in  increasing  the  strength  of  the 
material  forming  the  wire.  Steel  having  a  tensile  strength  of  60,000 
lbs.  to  80,000  lbs.  per  square  inch  in  the  bloom,  may  by  this  so-called 
method  of  "hard-drawing"  have  its  tenacity  raised  to  300,000  or 
850,000  lbs.  per  square  inch.  This  extraordinary  increase  is,  how- 
ever, only  found  in  wire  of  very  small  diameter.     The  effect  of  hard- 
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IS 
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72 
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M 

W 
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17 

KB 
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47 
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13B.0 

IB 

40 

e.3 

33 

BB 
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drawing  seems  to  be  chiefly  confined  to  a  very  thin  layer  or  skin  on 
the  surface  of  the  wire ;  so  if  any  mechanical  abrasion  occurs  to  the 
surface,  such  as  cutting  or  nicking,  sufficient  to  destroy  the  integrity 
of  this  skin,  the  entire  effect  of  the  drawing  will  be  lost.  For  this 
reason  great  care  must  be  exercised  in  the  erection  of  hard-drawn 
wire  to  prevent  this  destruction  of  the  exterior.  The  same  effect 
may  be  produced  by  annealing.     In  Table  No.  1  the  physical  charac- 
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teristics  of  the  trade  varieties  of  iron  and  steel  wire  of  the  more 
common  sizes  are  given.  Unfortunately  the  process  of  hard-drawing 
reduces  the  electrical  conductivity  of  copper  wire  from  2  to  4  per 
■cent ;  yet  the  advantages  to  be  derived  from  increased  tenacity  more 
than  counterbalance  this  loss.  Attempts  have  been  made  to  man- 
ufacture all  but  the  smallest  sizes  of  wire  entirely  by  rolling ;  and 
while  the  results  thus  far  obtained  point  toward  a  very  successful 
accomplishment  of  this  process,  rolled  wire  is  not  as  yet  of  common 
commercial  occurrence.  Curiously,  in  wire  thus  manufactured,  the 
hardening  of  the  metals  by  the  rolls  seems  to  extend  entirely  through 
the  wire,  and  not  to  be  confined  to  a  superficial  skin.  In  order  to 
make  good  wire,  it  is  necessary  that  the  blooms  from  which  the  rods 
are  rolled  should  be  sound,  and  free  from  all  slivers,  gas  bubbles, 
cold  shuts,  or  other  imperfections;  for,  during  the  passage  of  the 
metal  through  the  rolls  and  dies,  all  flaws  in  the  blooms  are  simply 
elongated  without  being  eradicated,  tending  to  make  the  finished 
wire  imperfect  and  difficult  for  the  linemen  to  handle,  as  slivers  or 
checks  on  the  surface  of  the  wire  are  likely  to  severely  cut  or  injure 
the  hands  of  the  workmen,  and  make  the  process  of  stringing  not 
only  disagreeable  but  positively  dangerous. 

9,  Wire  G«ue«8'  —  Until  recently  an  enormous  amount  of  con- 
fusion existed  as  to  the  terminology  applied  to  the  different  sizes  of 
wire ;  and,  indeed,  in  many  instances  the  same  trade  name  was  applied 
by  different  manufacturers  to  wire  of  widely  varying  diameters. 
Even  in  1883  a  number  of  different  wire  gauges  existed  in  Europe, 
and  at  least  three  different  standards  were  in  vogue  in  this  country. 
The  mistakes  arising  from  the  confusion  of  the  gauges  became  so 
important  that  the  iron  and  steel  manufacturers  met  with  a  view  of 
discussing  this  question,  and  of  settling  upon  some  universal  stan- 
dard to  be  adopted  by  all  of  the  trade.  Joint  meetings  of  the  Iron 
and  Steel  Institute  of  Great  Britain,  and  of  the  American  Institute 
of  Mining  Engineers,  resulted  in  the  establishment  in  England  of 
the  Imperial  Standard  Wire  Gauge,  and  of  the  adoption  in  this 
country  of  the  Brown  &  Sharp  Gauge.  On  the  Continent  gauge 
numbers  are  rarely  used,  all  wire  work  being  measured  in  millimeters 
and  decimal  fractions  thereof.  In  Table  No.  2  will  be  found  a 
comparison  between  the  various  standard  wire  gauges  now  employed, 
together    with   the  nearest    corresponding    number    of    millimeters, 
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Table  No.  2. — Giving  Relations  between 
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thus  giving  in  a  tabular  form  full  information  regarding  the  present 
method  of  wire  measurement. 

10.  The  CiroulEir  Mil  —  A  convenient  trade  convention  for  the 
measurement  of  wire  has  arisen  in  the  use  of  the  so-called  "  Circu- 
lar Mil,"  the  "Mil"  being  the  name  for  the  one-thousandth  of  an 
inch.  The  diameter,  therefore,  of  a  wire  expressed  in  mils  is  its 
diameter  in  thousandths  of  an  inch  with  the  decimal  point  removed. 
If  the  diameter  of  any  wire  expressed  in  mils  be  squared,  a  number 
is  obtained  which  is  proportional  to  the  actual  area  of  the  wire 
itself,  and  is  termed  the  "  circular  millage  "  of  the  wire. 

In  Fig.  5  is  the  diagrammatic  representation  of  a  wire,  each  of  the 
small  circles  symbolizing  a  unit  wire,  one  mil,  or  one-thousandth  of 
an  inch,  in  diameter.  It  will  be  noticed  that 
the  diameter  of  the  wire  is  ten  small  circles 
long,  and  therefore  the  wire  is  ten  mils  in 
diameter.  The  square  of  ten  being  100,  the 
circular  millage  of  this  wire  would  be  100 
circular  mils.  As  the  area  of  a  circle  is  the 
square  of  its  diameter  multiplied  by  .7854,  in 
order  to  convert  the  circular  millage  of  any 
f}g.6.—t»cvnm  af  wire  into  its  actual  area  in  square  inches,  the 

"  circular  millage  must  be  multiplied  by  .7854, 

and  the  requisite  decimal  places  pointed  off.  Thus,  in  the  previous 
example,  a  wire  of  100  circular  mils  has  an  actual  area  of  .01 X  -01 X 
.7854  =  .00007  square  inches.  Inasmuch  as  the  circular  millage  is 
proportional  to  the  actual  area  in  square  inches  of  the  wire,  it  forms 
an  exceedingly  easy  and  convenient  number  for  the  purposes  of  cal- 
culation, and  is  widely  used  in  this  connection. 

1 1 .  The  use  of  the  circular  mil  leads  to  other  convenient  conventions. 
Thus  a  wire  of  one  mil  area  and  one  foot  in  length  may  be  called  a 
■anil  wire;  and  it  the  various  properties  of  the  unit  wire  be  known, 
such  as  its  electrical  resistance,  its  tensile  strength,  weight,  cost,  etc., 
the  similar  properties  of  any  other  wire  of  any  size  or  length  can  be 
at  once  determined  by  simple  multiplication  or  division.  Take  cop- 
per wire  for  example;  the  following  values  for  the  unit  wire  (a  mil 
foot)  are  commonly  found: 

Electrical  resistance  soft  pure  copper,  50.4  F 10.00  ohms. 

"  "        commercial  wire 10.10  ohms. 

"  "         hard  commercial  wire 10.30  ohms. 
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ITnlt  "Wlz*. 

Weight .00000302  lbs. 

Strength  soft 0275         lbs. 

Strength  hard. 0510         lbs. 

Cost  at  15  cents  per  lb 0000453   cents. 

Tensile  strength  is  affected  by  the  process  of  drawii^,  and  con- 
sequently the  strength  per  unit  of  area  is  not  constant,  but  will  vary 
with  the  size  of  the  wire.  The  constant  here  given  is  an  average  which 
will  be  too  small  for  the  finer  sizes,  and  too  Urge  for  the  coarser  ones. 

Now,  if  any  other  wire  has  a  circular  mill^e  of  C.  M.,  a  length  of 
h  feet  and  cost  of  p  cents  per  lb.,  its  various  properties  are  found  at 
once  by  the  foUovnng  formube: 

Resistance  (soft)  —  „  y.    ohms. 

^     J^  10-30i:    ^ 

Resistance  (hard)        =  '~cm~  °"™3. 

Weight  =  .00000302 xLxCif.  pounds. 

Tensile  strength  soft  -  .0275xC.Ai".  pounds. 
Tensile  strength  hard  -  .0510  XCA/.  pounds. 

Cost  -.0000453  xLxCJf.X^ cents. 

12.  Another  convention  used  particularly  in  building  telegraph  and 
telephone  lines  is  known  as  the  "  mile-ohm."  The  mile-ohm  is  the 
weight  of  a  piece  of  wire  one  mile  long  which  has  a  resistance  of  one 
ohm.  Evidently  the  better  the  conductor  the  less  the  mile-ohm  will 
weigh,  because  the  wire  will  be  smaller.  Thus  for  copper  the  mile-ohm 
at  60°  F.  is  859  lbs.,  and  for  iron  4600  lbs. 

13.  Copper  Wire. — It  has  been  within  recent  years  only  that 
the  development  of  the  uses  of  electrical  energy  has  been  sufficiently 
important  to  draw  careful  "attention  to  the  materials  to  be  employed 
in  line  construction.  Previously  to  1880,  electric  lines  were  ahnost 
exclusively  confined  to  those  used  by  the  telegraph,  which,  with  the 
exception  of  the  submarine  cables,  were  entirely  constructed  of  iron 
wire.  The  electrical  resistance  of  iron  wire  is  some  seven  or  more  times 
greater  than  that  of  pure  copper,  yet  it  has  only  been  within  the  last  two 
decades  that  the  state  of  copper  metallurgy  was  sufficiently  advanced 
to  render  possible   the  production    of  pure  coj^ier  in  commercial 
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quantities.  Experiment  also  indicated  that  very  small  quantities  of 
various  Impurities  increased  the  electrical  resistance  in  an  enormous 
ratio.  This  increase  in  resistance,  due  to  the  admixture  of  other 
substances,  is  indicated  in  Table  No.  3. 

Table  No.  3. 

VuiAtlmi  In  the  t^slaUtiae  of  oopper  due  to  -v^rjing  pnritr. 

Assuming  pure  copper  to  have  a  conductivity  of  100  :  — 

The  best  refined  copper  would  be 99.0 

AUoy  of  copper  and  silver,  equal  parts 86.0 

Copper  containing  4  per  cent  of  silicon 76.0 

12    "      '■     "      "       5i,0 

Silicon  bronze  wire 36.0 

Copper  with  10  per  cent  lead 80.0 

Phosphor  bronze 29.0 

Bronze  containing  35  per  cent  zinc 21.0 

iron 18.0 

Aluminum  bronze 12.6 

Siemens  steel 12.0 

Arsenical  copper  containing  10  per  cent  arsenic 9.0 

Phosphor  bronze  with  10  per  cent  of  tin S.9 

Phosphor  bronze  with  9  per  cent  phosphorus 4.9 

From  the  preceding  figures  it  will  be  very  apparent  that  high 
electrical  conductivity  can  only  be  obtained  by  the  selection  of  the 
purest  copper.  It  is  not  surprising,  therefore,  that  the  developments 
of  electrical  industries  have  been  followed  by  a  marked  improvement 
in  copper  metallurgy.  The  cable  extending  between  Calais  and 
Dover,  laid  in  1851,  had  a  conductivity  of  42  per  cent  of  that  of  pure 
copper ;  the  Atlantic  cable  of  1856  had  50  per  cent ;  the  Red  Sea 
cable  in  1857,  75  per  cent ;  the  Atlantic  cable  of  1865,  96  per  cent. 
These  figures  give  approximately  the  rate  of  improvement  in  the 
manufacture  of  copper  for  electrical  conductors,  but  it  was  necessary 
to  await  the  advent  of  the  modern  dynamo  in  order  to  produce  elec- 
trically pure  copper  at  such  prices  as  would  permit  of  a  wide  com- 
mercial application.  As  long  as  electrical  circuits  were  confined  to 
telegraphic  transmission  in  which  the  currents  used  were  exceedingly 
small,  the  amount  of  line  resistance  was  not  a  very  important  factor. 
As  soon,  however,  as  the  problem  was  presented  of  transmitting 
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large  quantities  of  electrical  energy,  it  became  imperative  to  seek 
some  better  material.  At  present  the  use  of  iron  and  steel  wire  is 
confined  to  circuits  carrying  but  very  small  amounts  of  current,  hard- 
drawn  copper  wire  being  universally  adopted  for  lines  having  currents 
of  any  magnitude. 

14.  To  properly  design  an  electrical  circuit,  all  of  the  mechanical 
and  electrical  properties  of  the  material  to  he  used  must  be  thor- 
oughly known.  These  properties  for  hard-drawn  copper  wire  will  be 
found  in  Tables  Nos.  5,  6,  and  7.  In  addition  to  its  superior  con- 
ductivity, copper  presents  a  great  advantage  in  durability.  Even  in 
the  open  country,  and  with  all  possible  protection,  iron  rusts  rapidly ; 
while  in  the  smoky  air  of  most  cities,  iron  lines  rarely  last  more  than 
three  years,  and  cases  have  been  known  wherein  iron  wires  have 
been  entirely  corroded  within  a  few  months.  With  copper,  on  the 
contrary,  it  is  found  that  the  wire  becomes  rapidly  coated  with  a 
thin  layer  of  sulphide  of  copper,  probably  not  over  one-thousandth 
of  an  inch  in  thickness,  which  seems  to  entirely  protect  the  wire  from 
any  subsequent  action.  At  any  rate,  few  copper  lines  have  as  yet 
been  in  existence  long  enough  for  any  perceptible  corrosion  to  have 
made  itself  manifest. 

15.  Composite  Wire,  —  From  time  to  time  attempts  have  been 
made  to  use  a  composite  wire,  which  should  consist  of  a  steel  core, 
carrying  an  external  sheath  of  copper ;  the  idea  being  that  the  steel 
interior  would  add  sufficient  tensile  strength  to  enable  long  spans  to 
be  used,  while  the  external  covering  of  copper  would  provide  the 
necessary  conductivity  for  the  current.  To  a  certain  extent  these 
experiments  have  been  successful ;  but  the  use  of  composite  wire 
has  never  extended  beyond  telegraphic  or  telephonic  circuits,  and 
now  has  fallen  into  disuse  in  the  presence  of  the  superior  article 
of  hard-drawn  copper. 

In  telephonic  circles  the  idea  of  composite  wire  has  been  revived, 
in  the  hope  of  improving  the  talking  ability  of  long  lines,  by  providing 
a  mediiun  of  higher  magnetic  permeability.  Theoretically,  a  tele- 
phone circuit  using  a  wire  with  a  copper  core  and  an  iron  sheath  ought 
to  talk  better  than  the  simple  copper  wire.  Mechanical  difficulties  of 
manufacture  seem  to  enhance  the  cost  of  such  wire  to  an  extent  which 
lenders  its  use  questionable  from  an  economic  standpoint  except  under 
special  circumstances.     Occasionally  it  is  a  valuable  aid  to  the  con- 
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stnictor,  and  so  the  properties  of  "Bimetallic  Wire,"  as  it  is  called, 
are  given  in  Table  4. 

Table  No.  4. 

SimBMUio  Win. 


Nnmbtm. 
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1 
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39S 
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203 
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1» 

»1 

137 

820 

13 

81 

100 

410 

M 

03 

360 

IB 

U 

40 

180 

18 

40 

3S  . 

100 

In  the  past  bimetallic  wire  has  proved  specially  useful  where  high 
conductivity  and  great  strength  must  be  combined;  as  for  example  the 
crossing  of  a  wide  river  by  a  single  span  of  open  wire.  Cases  of  this 
kind  are  in  successful  operation  where  the  spans  are  over  2000  ft. 
long. 
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Table  No.  6.  —  Safe  Currents  for  Paneled  Wire. 
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Table  No.  7. 
Vail  at  Potential  in  Copper  Wire. 


FAtl  OF 

Fall  or 

FA1J.OF 

.»  VolTS 

IN  Vol™ 

B.&S. 

Mils. 

PIK  Ah- 

B.as. 

M.LS. 

B.&S. 

M*i!s, 

«!.  A«. 

Gaum 

G*uo« 

Gauc« 

1000  F«T. 

1000  F.«T. 

1000  F«T. 

0000 

21«00.00 

.0606318 

s 

33102.00 

.3230183 

13 

617^40 

2.0MS41 

000 

187806.00 

.OOIJIBS 

e 

2ffiS0Jl0 

.40T323S 

14 

4106.80 

2.66S624 

00 

133070.40 

7 

IS 

3256.70 

106602JW 

.1012693 

8 

16 

4.139873 

1 

836M.20 

.1277612 

9 

.81669*3 

17 

2U8.20 

5.2aoa« 

2 

.1610*20 

10 

IS 

1621.30 

0.682833 

3 

62034.00 

.2031469 

11 

10 

4 

41742.00 

.2661607 

13 

8G29.30 

1.S3T404 

30 

1021.60 

10.40788 

10.  AiTiminiim  WJre.  —  A  few  years  ago  improvements  in  the 
process  of  manufacturing  aluminum  reached  such  perfection  that  the 
metal  became  a  commercial  possibility,  and  is  now  available  as  a 
conductor  material-  While  aluminum  is  an  exceedingly  light  metal,  its 
tensile  strength  and  conductivity  are  low  compared  to  hard  drawn 
copper.    Alumintun  conductors,  therefore,  to  have  the  same  resist- 
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ance,  must  be  much  larger  than  copper,  and  so  expose  a  greater 
area  to  the  action  of  the  wind,  and  upon  which  snow  may  collect. 
As  now  manufactured,  aluminum  wire  shows  an  average  resistance 
of  about  17.6  ohms  per  mil-fool  at  75°  F.  This  corresponds  to  423 
lbs.  per  mile-ohm.  The  tensile  strength  varies  from  20,000  lbs.  to 
30,000  lbs.,  averaging  33,000  lbs.  per  square  inch  or  .002592  lbs. 
per  circular  mil.  But  different  manufacturers  produce  several  different 
grades  of  commercial  metal,  and  the  product  of  one  firm  is  not  always 
exactly  Hke  that  of  others.  The  Pittsbui^  Reduction  Co.  give  the 
following  constants  for  some  of  their  output: 

Aluminuni.  Copper. 

Specific  gravity 2.68  8.93  . 

Relative  specific  gravity 1.00  3.33 

Conductivity 54%  to  63%    96%  to  99% 

Tensile  strength  per  sq.  in.,  aluminum 24,000  to  55,000  lbs. 

Tensile  strei^  per  sq.  in.,  copper 30,000  to  65,000  lbs. 

The  different  grades  and  consequent  different  mechanical  and 
electrical  characteristics  of  both  aluminum  and  copper  make  it  impos- 
sible to  give  absolute  ratios  between  the  two  metals  for  weight,  ten- 
sile strength,  price,  etc.,  for  cross-sections  of  equal  conductivity. 

On  account  of  the  lower  conductivity  of  aluminum,  the  cross- 
sections  of  aluminum  and  copper  of  same  resistance  will  be  m  the 
inverse  ratio  of  their  conductivities.  Thus  if  an  aluminum  wire  of 
159,000  cm.  be  assumed,  the  copper  wire  of  equal  conductivity  is  found 
by  the  following  proportions  (taking  average  value): 
97  :61  ::  159,000:*; 
X  -100,000. 

This  ratio  is  approximately  the  same  as  that  between  wires  sep- 
arated by  one  number  in  the  Brown  &  Sharp  gauge.  Thus  No.  1 
aluminum  wire  is  equivalent  to  No.  3  copper;  No.  2  is  equivalent  to 
No.  4  copper,  etc 

The  comparative  weights  of  equal  volumes  of  aluminum  and  cop- 
per are  as  1  for  aluminum  and  3.33  for  copper.  Therefore  the  rela- 
tive w«ghts  of  given  lengths  of  same  conductivity  will  be  as  47.77 
for  aluminum    to  100  for  copper  (159x1  :  100x3.33  ::  47.77  :  100), 
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or,  the  weight  per  mile  or  per  thousand  feet  of  aluminum  wire  is  47.77 
per  cent,  of  the  weight  of  the  same  length  of  copper  of  same  conduc- 
tivity. 

The  question  of  the  relative  cost  of  aluminum  or  copper  is  a  ques- 
tion not  of  price  per  pound,  but  price  per  mile  or  of  any  given  length 
of  equal  conductivity.  The  weight  per  mile  of  aluminum  b  47.77 
per  cent,  of  the  weight  of  copper  of  same  leng&  and  of  same  conduc- 
tivity. Thus  aluminum  conductors  will  cost  per  mile  the  same  as 
copper  of  equal  conductivity  if  the  price  per  pound  of  the  copper  is 
47.77  per  cent,  of  the  price  per  pound  for  the  aluminum.  Take,  for 
example,  copper  at  20  cents  per  pound  and  aluminum  at  41.87  cents 
per  pound.  The  cost  per  mile  for  wire  of  same  conductivity  in  either 
metal 'will  be  the  same.  (100  lbs.  copper  at  20  cents  =  $20.00;  47.77 
lbs.  aluminum  at  41.87  cents=$20.00.) 

Reduced  to  the  form  of  riiles  the  calculations  are  as  follows: 

To  obtain  aluminum  price  correspondii^  to  a  known  copper  price, 
divide  the  cost  of  copper  per  pound  by  .4777  or  multiply  by  2.1. 

To  obtain  copper  price  corresponding  to  a  known  aluminum 
price,  multiply  the  cost  of  aluminum  per  poimd  by  .4777  or  divide 
by  2.1. 

In  case  aluminum  of  conductivity  other  than  61%  is  used,  the 
factors  (.4777,  2.1,  and  159)  as  obtamed  above  would  be  correspond- 
ingly changed. 

Table  No.  8  gives  the  factors  for  the  different  conductivities  of 
aluminum  as  compared  with  97%  conductivity  copper. 

The  following  specification  shows  the  quahty  obtainable  in  a 
No.  2  wire  of  59%  conductivity: 

Weight. — The  weight  shall  not  exceed  320  pounds  per  mile. 

Conductivity  and  Resistance. — Conductivity  not  to  be  less  than 
59  in  Matthiessen  Standard  Scale,  so  the  wire  must  not  have  a  resist- 
ance at  15.5°  C.  greater  than  .2443  ohms  per  1000  feet. 

Tensile  Strength  and  Elastic  Limit.—The  tensile  strength  not  to 
be  less  than  29,000  pounds  per  square  inch  and  the  elastic  limit  not 
less  than  14,000  pounds  per  square  inch. 

Elongation. — The  elongation  of  lension  test  pieces  not  to  be  less  than 
10  per  cent,  in  2  inches. 

Ductility. — Wire  shall  be  capable  of  beii^  wrapped  six  turns 
around  its  own  diameter,  unwrapped,  and  f^ain  wrapped  six  turns 
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Ta^le  8. 
IkotOisftorthcDlSaMot  OonduottTittMef  AlnmlnaB. 


Conduotivity  of 

63 

62 

.> 

90 

ss 

« 

., 

„ 

U 

S4 

ReUti*e  cr«a.«Betion 
<Copper  equal  100.) 

(weicbt  of    eoppu 

otequidlensthand 

equal  100)      

Tvuila     Stn>i(th  — 

atrensth  per«,.in. 

per«,.in.™qui™d 
in  a  copper  wue  of 
equal  resiBtanoa  in 

breakini  ctienitti. 
Prioa  — Factor     by 
wbieh  to   multiply 
oopper  price  per  lb. 
(o   obtain   equiTa- 
lant  price  rf  alumi- 
num;  b1»  factor  by 
wbich     to     divide 

per   lb.    to    obtain 

IM 
46.21 

IM 
2.16 

.4626 

ies.s 

47 
1A6.S 

a.  13 

.47 

ISO 
47.77 

1» 
2.1 

.4777 

161,7 
48.W 

161.7 

a.oe 

.4S6A 

164.4 
40.38 

1M.4 
2.03 

.4*38 

167.  a 
w.a4 

167.3 
l.»9 

.0024 

170.2 
SI.  11 

170.2 
1.96 

.8111 

83.03 
178.2 

i.sa 

.6203 

178.3 
a2.»7 

176.8 

i.se 

.6207 

«.»6 

170.7 

I.S6 

.63SG 

Price  —  Factw    b  y 

wfiiu  h  to  di  vide  cop - 
per  price  per  lb.  to 
obtain     equiralent 

ako  factor  by  wbieh 
to  multiply  alomi. 
nam  price  to  obtein 

around  its  own  diameter  in  the  same  direction  as  the  first  wrapping 
without  showing  any  cracks. 

In  case  a  No.  2  wire  of  62  conductivity  is  desired,  the  spedfica- 
tioQ  above  would  be  changed  in  the  followii^  points: 

Conductivity  and  Resistance. — Conductivity  shall  not  be  less  than 
62  in  Matthiessen  Standard  Scale,  so  the  wire  must  not  have  a  resist- 
ance at  15.5°  C.  greater  than  .2322  ohms  per  1000  feet. 

Tensile  Strength  and  Elastic  Limit. — ^The  tensile  strength  shall  not 
be  less  than  25,000  pounds  per  square  inch  and  the  elastic  litrnt  not 
less  than  11,000  pounds  per  square  indi. 
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\  tension  test  pieces  shall  not   be 


Elongation. — ^The  elongation  ( 
less  than  9  per  cent,  in  2  inches. 

On  account  of  the  small  sizes  of  wire  used  for  telephone  and  tele- 
graph work,  the  breaking  of  the  wire  must  be  specially  guarded 
against.  So  a  wire  of  a  slightly  reduced  conductivity  but  high  tensile 
strength  is  advised,  the  low  conductivity  being  unobjectionable. 
Table  No.  9  gives  the  characteristics  of  telephone  wire. 

Table  No.  9. 

Baalatanoa  and  Taniila  StmiEUi  of  Aluminum  Talsphona  Wire. 


Cmpsra- 

Comp.™- 

aveW«igh( 

ot  GiVBO 

GlBds. 

Conduo. 

Df  EquiU 

i*iigth>  or 

tivily. 

Equal  COD- 

mt  100. 

Coppet 

AO 
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166  4 

47 

A7B 
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60.2 

A2 

M% 

54 
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EAa 

Ohadi 

A75. 

Gbu> 

■  A3. 

Numt»r 

T^. 

B.&a 

BUUl 

Tanale 

Tmsile 

TeiiMIe 

Okiue. 

perl  000  Fi 

Strength 

parlOOO  Ft. 

8tn>ii«th 

pwloOoFt. 

M  re,"  F. 

perSq.  In. 

at  76-  F. 

perSq-ln. 

Ohms 

Lbs 

Ohm. 

304.31 

ISl 

114 

5088 

27S00 

.MOB 

34000 

42000 

ifla 

na 

8380 

28000 

.6820 

38000 

,7326 

44000 

144 

w 

.8800 

saoou 

48000 

30000 

278 

32000 

30000 

1,468 

60000 

10 

101 

KH 

813 

33000 

1.724 

40000 

1.S62 

11 

K 

74 

[)33 

36000 

a.  173 

41000 

2,336 

IS 

80.81 

3B00O 

42000 

3.084 

68000 

The  difficulty  of  connecting  separate  pieces  of  aluminum  wire 
was  an  obstacle  that  delayed  the  general  use  of  this  conductor 
material. 

Small  wires  can  be  joined  by  twisting  the  ends  around  each 
other,  as  is  usually  done  in  telephone  and  telegraph  work. 

For  larger  sizes  the  sleeve  joint  or  compression  joint  shown  in 
Fig.  6  is  preferable.  Joints  of  this  kind  are  easily  and  quickly 
made ;  they  possess  mechanical  strength  and  conductivity  equal  to 
that  of  the  wire.     The  extended  area  of  the  contact  surfaces,  the 


,y  Google 


THE  FROeSRTIES   OF  WIRE.  19 


flf.  a.     Aluminum  CaN*  Jt 


ly  Google 


20  THE  ELECTRICAL    TRAf^SUtSStOtf  OF  EifERGY. 

adhesion  by  which  the  surfaces  are  held  tc^ether,  and  the  protection 
from  corrosion  insure  a  permanent  joint. 

Cable  joints  are  made  by  inserting  the  ends  of  the  cable  into  a 
cast  aluminum  sleeve'  of  proper  size,  the  ends  butting  together  in 
the  center.  The  sleeve  is  then  inserted  between  dies  in  a  hydraulic 
jack  and  pressure  applied  which  causes  the  metal  of  the"  sleeve  and 
of  the  cable  to  flow  together  into  a  solid  homogeneous  mass;  and 
the  sleeve  takes  hold  of  the  cable  so  strongly  that  when  tested  the 
cable  will  be  pulled  in  two  instead  of  pulling  out. 

Such  joints  are  made  in  the  field  by  means  of  a  portable  hydraulic 
jack  and  dies.  The  entire  weight  of  these  tools  is  less  than  200  lbs. , 
the  largest  piece  weighing  about  150  lbs. 

There  is  a  modified  form  of  this  joint  in  which  the  compression 
is  all  done  in  the  factory,  terminals  being  compressed  upon  the  ends 
of  the  cable,  the  free  ends  of  the  terminals  being  threaded,  one  end 
having  a  right-hand  and  the  other  a  left-hand  thread. 

When  two  ends  are  to  be  united,  this  is  effected  by  screwing 
into  the  terminals  a  right-  and  left-hand  threaded  stud,  and  the  use 
of  thisjoint  enables  the  ends  of  the  cable  to  be  connected  in  less  than 
a  minute,  when  the  actual  work  of  connecting  comes  to  be  done. 

The  general  properties  of  pure  aluminum  wires  of  all  sizes  are 
shown  in  Tables  10,  11,  and  12. 

17.  Attempts  have  also  been  made  to  use  the  various  alloys  of 
copper  with  silicon  and  phosphorus,  known  under  the  names  of  phos- 
phor-bronze and  silicon-bronze.  While  these  alloys  have  very  high 
tensile  strength,  in  some  cases  exceeding  80,000  pounds  to  the  square 
inch,  their  conductivity  is  so  low  that  they  have  had  but  very  little 
commercial  extension.  In  a  few  cases  electric  railways  have  used 
silicon-bronze  for  trolley  wire,  but  the  practice  at  the  present  time  is 
almost  exclusively  confined  to  the  adoption  of  hard-drawn  copper. 
The  properties  of  silicon-bronze  are  given  in  Tables  Nos.  13, 14,  and 
15  (see  following  pages). 

18.  Iron  Wire. — Iron  wire  is  never  used  for  the  transmission  of 
lai^e  amounts  of  electrical  energy  because  its  resistance  is  so  great 
as  to  make  line  losses  prohibitory...  Formerfy  all  telegraph  and  tele- 
phone lines  were  built  of  iron,  but  of  late  years  first-class  telephone 
construction  has  used  copper  exclusively,  and  even  in  the  telegraphic 
field  the  use  of  iron  is  declining. 
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TABtE  No.  10. 
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.10310 

.43172 

.54440 

12229.8 

9699.0 

.00042714 
.00067022 
.00108 lis 

00 

.13001 

.leass 

,08645 

.8«Bia 

7B92.0 
6245.4 

2 

!a6077 

1.37637 

4637.35 

.0027272 
.0043441 
.0069067 

8 

.32872 
.S22«B 

1.7357 
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10 
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756.78 
600.00 
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128211 
■  44866 
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11 
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la 
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377.412 
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231.582 

IS 
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IS 
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35.368 
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44.602 

118.380 

416588 

7.2490 
12.1916 

18 
10 

10.6ai8 

13.8148 

72:042 

93.882 

72.384 

ao 

16.938 

89.430 

46.8222 

22 

26.920 

142.138 

37.1466 

46.316 

23 

33.962 

179,32 

20.4622 

24 

42.82S 
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23.3508 

2S 
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27 
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136. S3a 
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31 
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4.7144 
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32 

1446,45 

3.6628 

345.13 
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84 

435.38 

2298,8 

2.2969 

36 

M8.92 

28B8.2 

1.8218 

36 

092,07 

3654.2 

1.4449 

872.93 

4809.2 

1.1456 

3S 

1100.82 

iMll.2 

.9086 

39 

1387.47 
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.7207 

40 

1749.50 

9236.8 

.5716 
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Pure  iron  wire  shows  a  resis.ance  of  about  six  timeS  that  of  copper, 
pving  57.06  ohms  per  mU-foot  at  32°  F.  and  4218  lbs.  per  nule-ohm! 

The  best  commercial  iron  wire  shows  a  resistance  of  59.6  ohms  per 
mfl-foot  and  a  weight  per  mile-ohTi  of  from  4500  to  4600  lbs.  The  best 
Swedish  iron  wire  has  a  tensile  strength  of  50,000  lbs.  per  square  inch, 
an  elongation  of  16  per  cent.,  and  should  show  on  a  toreion  test  18  to 
20  twists  in  a  lei^  of  6  inches.     The  various  grades  of  steel  are  much 
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Table  No.  11. 

HMda  of  Wsltbta  of  Waathar-proof  Alumlnvm  'Win. 
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Table  No.  12. 

Strandad  Alnminuiu  "Wis*. 
(Diameter  and  Pi^ierties.) 
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used  in  wire-makii^.  The  softest  makes  of  Bessemer  and  open-hearth 
show  from  5000  to  6000  lbs.  per  mile-ohm  and  a  tensile  strength  of 
from  60,000  to  65,000  lbs.  per  square  inch.  Cast  steel  can  be  made 
with  a  tensile  strength  of  150,000  to  200,000  lbs.  per  square  inch,  but 
its  lesistance  is  then  very  high,  being  from  10,000  to  15,000  lbs.  per 
mile-ohm.  As  the  soft  steels  are  much  less  expensive  than  the  pure 
irons,  it  is  cheaper  to  use  steel  wire  one  or  two  gauge  numbers  larger 
than  to  purchase  the  wire  of  higher  conductivity. 

le.  Oalvanizliig  and  Tinning.  —  As  a  protection  against  cor- 
rosion, it  is  customary  to  coat  iron  and  steel  wire  with  a  thin  film 
of  zinc,  which,  being  not  readily  oxidized,  serves  as  a  barrier  against 
the  destructive  action  of  the  elements.  While  for  open  country 
lines  this  expedient  is  of  considerable  value,  for  city  work  galvan- 
izing has  relatively  but  little  importance ;  for  the  various  sulphur 
compounds,  so  largely  present  in  the  smoky  atmosphere  of  towns, 
act  with  great  rapidity  on  zinc,  cutting  away  the  film,  and  leaving 
the  iron  unprotected.  Furthermore,  with  the  best  possible  care  in 
galvanizing,  the  coating  is  never  perfectly  continuous ;  and  subse- 
quent mechanical  operations  frequently  cut  through  the  zinc,  expos- 
ing the  iron,  which  immediately  commences  to  oxidize.  It  has  even 
been  asserted  that,  in  view  of  the  inevitable  discontinuity  of  the  pro- 
tecting film,  the  zinc  was  a  source  of  evil,  forming  with  the  iron  a 
voltaic  pair,  thus  aiding  corrosion. 

The  operation  of  galvanizing  is  accomplished  by  immersing  the 
coil  of  wire  in  a  pickling  bath  of  dilute  sulphuric  acid,  which  serves 
to  remove  the  scale,  rust,  and  grease,  leaving  a  chemically  pure 
surface  for  the  reception  of  the  zinc.  The  coil  is  then  placed  upon 
a  reel  from  which  it  is  slowly  unrolled,  being  drawn  through  a  bath 
of  molten  zinc,  the  surface  of  which  is  covered  with  a  layer  of 
salammoniac  or  similar  flux.  It  is  necessary  that  the  wire  should 
he  immersed  in  the  bath  for  a  sufficient  time  to  become  fully  heated, 
in  order  that  the  zinc  coating  may  he  firmly  coherent.  As  the  wire 
emerges  from  the  bath,  the  superfluous  zinc  is  wiped  away  by  means 
of  an  asbestos  roller  or  similar  device.  Galvanized  wire  should  be 
very  carefully  inspected  to  see  that  the  zinc  coating  is,  on  the  one 
hand,  thoroughly  continuous ;  and  that,  upon  the  other,  the  super- 
fluous zinc  has  been  carefully  removed,  freeing  the  wire  from 
bunches  and  lumps,  and  leaving  it  with  a  smooth  and  polished 
surface.     It  is  also  advisable  to  test  galvanized  samples  by  immers- 
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ing  them  for  several  minutes  in  a  solution  of  sulphate  of  copper. 
Any  discontinuity  in  the  coating  is  thereby  immediately  made  mani- 
fest by  a  red  spot  of  precipitated  copper.  Copper  wire  which  is  to  be 
insulated  with  any  of  the  rubber  compounds  should  be  protected  by 
a  coating  of  tin  applied  in  a  similar  manner,  for  in  the  absence  of 
this  protection  the  sulphur  universally  present  in  rubber  insulations 
is  likely  to  combine  with  the  copper.  Indeed,  there  are  cases  on 
record  where  wires  of  small  diameter  have  been  by  this  cause 
entirely  corroded  away,  and  the  circuit  thus  destroyed.     Protective 
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circuits,   such   as   those  used   for  fire   and   burglar  alarm    signals, 
should  be  specially  guarded  against  this  evil, 

20.  Insulated  Wire.  —  Since  the  widespread  introduction  of 
currents  of  high  pressure,  it  has  become  exceedingly  important  to 
protect  all  exposed  wires  with  a  sufficient  coating  of  insulating  ma- 
terial, so  that  such  circuits  may  be  rendered  reasonably  safe,  and 
may  not  become  sources  of  danger  to  human  life.  As  a  result,  the 
wire  manufacturers  have  adopted  the  custom  of  covering  their  prod- 
uct with  insulating  material  of  various  kinds.  This  insulating 
material  usually  takes  the  form  of  a  hard  braid,  composed  of  either 
cotton  or  hemp  woven  onto  the  wire,  and  saturated  with  some  of  the 
compounds  of  India  rubber,  or  with  one  of  the  pitches,  tars,  or  resins. 
It  is  obvious  that  layer  after  layer  of  this  insulating  material  may  be 
wound  upon  the  wire,  so  as  to  make  a  covering  of  almost  any  desired 
thickness.  When  selecting  an  insulating  covering,  great  attention 
should  be  paid  to  its  power  of  resisting  abrasion.  The  greatest 
enemy  to  overhead  electric  circuits  Is  found  in  the  various  tree 
branches  which  constantly,  by  the  wind,  are  brought  into  contact 
with  the  wire,  and  tend  to  abrade  and  destroy  the  insulation.  The 
insulating  covering,  therefore,  should  be  tested  by  rubbing  it  against 
a  coarse  surface  simUar  to  the  bark  of  a  tree,  and  noting  the  time 
that  is  required  to  cut  through  and  expose  the  wire.  Where  trees 
are  numerous  along  the  route,  no  fibrous  insulation  will  stand  for  a 
long  period  of  time.  A  very  successful  expedient,  however,  has  been 
found  in  the  device  of  covering  the  wire  in  its  passage  through  the 
trees  with  a  coating  of  bamboo.  This  coating  is  obtained  by  sawing 
ordinary  fishing-poles  longitudinally,  and  with  a  gouge  cutting  out 
the  knots  which  occur  in  the  cane.  After  being  prepared  in  this 
manner  the  bamboo  may  be  lashed  upon  the  wire,  and  it  is  found 
that  the  hard  silicious  surface  of  the  cane  will  resist  for  almost  an 
indefinite  period  the  abrasive  action  of  swaying  branches.  Other 
attempts  have  been  made  to  secure  a  reliable  "tree-wire"  by  cover- 
ing the  first  coating  of  insulation  upon  the  conductor  itself,  with  an 
armor  formed  of  a  braid  of  steel  wire,  or  a  strip  of  iron  or  other 
metal,  spirally  wrapped  around  the  insulation.  Doubtless  such  ex- 
pedients could  be  made  successful ;  but  in  order  to  save  expense  and 
secure  flexibility,  the  armor  in  the  usual  commercial  forms  is  so  light 
that  it  rarely  survives,  for  a  considerable  period,  the  action  of  rust 
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and  abrasioo.  So,  while  the  bamboo  expedient  is  clumsy,  it  is  suc- 
cessful. As  insulated  wire  is  usually  sold  by  weight,  information  as 
to  the  gross  weight  per  mile  of  the  more  common  commercial  forms 
becomes  of  value  to  the  designer.  In  Table  No.  16  the  present 
commercial  forms  are  tabulated. 

The  insulating  properties  of  a  given  covering  are  usually  tested 
by  coiling  a  length  of  the  wire  of  from  100  to  1000  feet,  depending 
on  the  quality  of  the  insulation,  in  a  tub  of  water,  and  measuring 
the  leakage  current  with  a  sensitive  galvanometer.  If  possible,  the 
battery  employed  should  have  at  least  double  the  voltage  of  the 
current  for  which  the  wire  is  subsequently  to  be  used.  For  tele- 
phone and  telegraph  cables,  it  is  usual  to  use  from  200  to  500  volts. 
For  other  circuits,  the  test  is  made  with  two  or  three  times  the  volt- 
age that  is  to  be  used  on  the  line.  After  prolonged  soaking  in  the 
testing  tub,  the  wire  battery  and  galvanometer  are  joined  up  in  series, 
the  remaining  pole  of  the  battery  being  connected  to  a  plate  of  metal 
placed  in  the  tub,  and  the  leakage  current  measured.  While  100 
megohms  per  mile  is  a  very  common  requirement,  it  is  impossible,  in 
view  of  the  widely  varying  character  of  insulations  and  circuits,  to 
give  a  definite  standard.  , 

21.  Flexible  Cable.  —  In  this  country  it  is  not  uncommon  to  use 
wire  in  a  single  rod  up  to  \  inch  in  diameter.  Large  sizes  are,  how- 
ever, exceedingly  stiff  and  difficult  to  handle,  so  that  for  greater 
diameters,  and  in  many  cases  for  i  inch  or  less,  it  becomes  essential 
to  use  a  stranded  conductor  in  order  to  obtain  the  requisite  flexibility. 
Twisted  cables  are  from  10  to  15  per  cent  more  expensive  than 
solid  conductors ;  for,  owing  to  the  spiral  arrangement  of  the  strands, 
there  is  from  1  to  3  per  cent  more  metal  per  unit  of  cross-section 
and  length  than  in  a  solid  conductor  of  equal  resistance.  The  pro- 
cess of  manufacture,  also  involving  two  or  three  additional  handlings, 
adds  to  the  cost ;  and  as  the  stranded  conductor  is  more  bulky,  a 
considerably  larger  quantity  of  insulation  is  required.  The  ease  of 
erection,  however,  will  in  many  cases,  largely  if  not  entirely,  com- 
pensate for  the  increased  expenditure  in  raw  material  in  the  stranded 
conductor.  The  properties  of  common  commercial  flexible  cable  may 
be  found  in  Table  No.  17. 

The  use  of  flexible  cable  may  obviously  be  avoided  by  stringing 
a  sufficient  number  of  separate  wires,  and  joining  them  in  multiple 
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arc,  in  order  to  make  up  the  necessary  copper  section.  In  fact,  this 
is  the  plan  most  usually  adopted  ;  for  all  of  the  ordinary  sizes  of  wire 
can  readily  be  obtained  in  stock,  while  flexible  cable  is  only  made  to 
order,  at  least  in  the  larger  sizes.  The  use  of  separate  wires  leads 
to  greater  expense  in  insulators,  pole  fixtures,  greater  weight  of  insu- 
lating materia]  on  the  wire,  and  increased  cost  in  stringing.  Sepa- 
rate lines  also  entail  a  larger  annual  maintenance,  so  for  all  reasons 
cable  is  to  be  preferred  when  it  is  possible  to  obtain  it.     To  facilitate 


FUh  7.    rnufon  TallnB-MeeMn*. 

calculation,  Table  No.  18  gives  the  circular  millage  of  the  various 
combinations  of  Nos.  000,  00,  0,  1  and  2  wire,  from  which  a  line  of 
any  copper  cross-section  may  be  calculated.  After  the  total  circular 
millage  is  found  for  the  given  line,  it  should  be  divided  by  211,000 
{the  area  of  a  0000  wire),  the  quotient  will  be  the  /east  number  of 
0000  wires  required ;  if  there  is  a  remainder,  find  the  nearest  num- 
ber corresponding  to  it  in  the  column  headed  "Circular  millage"  of 
Table  No.  18,  and  in  the  column  opposite  will  be  found  the  least 
number  and  size  of  wires  that  will  make  up  the  required  amount. 
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34  the  electrical  transmission  of  energy. 

Table  No.  18. 
OMnc  tlw  Oroalv  IDll^e  o(  tha  VulcnH  """*■*"■**-"  at  IT0&  |. ),  ^  1, 2,  and  3  'VI 


UlUAH. 

MiLUCI. 

W„.c.»h™. 

6.09119 

*+i+i+l+2+S 

273339 

I  +  i 

556485 

i  +  i+l  +  H-2 

256601 

i  +  1+2 

400112 

J+i+i+1 

252086 

i  +  2  +  3 

47S040 

i  +  i  +  l  +  2  +  3 

251499 

i  +  1 

441314 

i+i+l+2+S 

238613 

I  +  i 

423406 

S+i+1+2 

234178 

1  +  2 

406418 

i  +  i  +  l 

224541 

i  +  2  +  3 

388880 

i+i+l+2 

220439 

i+3 

370506 

i+1+2+3 

216773 

1  +  1 

357033 

J  +  J  +  1 

202701 

1  +  2  +  3 

335780 

§+l+2+S 

199452 

J  +  2 

322307 

i  +  i  +  i 

189228 

i  +  1 

317872 

i  +  1  +  2 

185713 

1  +  3 

S0823S 

i  +  l  +  24-S 

111007 

i  +  s 

300884 

i  +  i 

1.10067 

1+2 

280612 

i  +  2+8 

136326 

1+3 

283146 

1  +  1+2 

119007 

2+3 

32.  TeBtins  and  Inspection.  —  In  all  large  contracts  for  wire,  it 
is  customary  to  locate  an  inspector  at  the  manufactory,  whose  busi- 
ness it  is  to  examine  and  see  that  the  product  complies  fully  with  the 
specification  requirements.  The  inspector  must  be  provided  with  a 
machine  for  making  tension  tests,  one  for  tortional  tests,  a  wire  gauge, 
a  slide  wire  bridge,  and  an  accurate  scale  for  determining  the  weight 
of  coils.     One  form  of  the  tension-machine  is  shown  in  Fig.  7. 

The  apparatus  consists  of  two  clamps,  by  means  of  which  the 
ends  of  each  wire  sample  can  be  secured,  a  straining  mechanism  for 
applying  a  breaking  stress  to  the  sample,  and  a  scale  apparatus  for 
measuring  the  force  required  to  produce  rupture.  Though  there  are 
many  other  designs  of  this  apparatus  in  commercial  use,  all  embrace 
the  same  features.  By  the  side  of  the  specimen  an  apparatus  is 
placed,  consisting  of  two  sliding  scales,  one  of  which  is  secured  to 
the  top  of  the  sample,  and  the  other  to  the  bottom.  As  stress  is 
applied  to  the  wire  it  elongates,  the  amount  being  measured  by  the 
mutual  displacement  of  the  scales.  The  torsion  testing-machine  is 
indicated  in  Fig.  8. 

A  set  of  iron  ways  carries  two  clamps,  to  which  the  sample  to  be 
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examined  can  be  secured  One  clamp  being  movable  longitudinally 
permits  the  length  of  test  piece  to  be  varied  at  pleasure.  The  fixed 
clamp  carries  a  spindle  that,  by  means  of  a  crank,  can  be  rotated,  thus 


twisting  the  specimen.  To  the  spindle  is  attached  a  counting-wheel 
to  register  the  number  of  twists  required  to  produce  rupture.  In 
making  all  physical  examinations  great  care  should  be  taken  to  see 
that  the  test  pieces  are  carefully  set  in  the  axis  of  the  testing-ma- 
chine, that  the  stress  is  applied  steadily  and  uniformly,  and  that  the 
jaws  do  not  injure  the  wire,  thus  giving  rise  to  erroneous  results. 

Fig.  9  illustrates  the  best  and  most  useful  form  of  wire  gauge, 
in  the  shape  of  a  micrometer.  In  skillful  hands  this  instrument 
will  give  accurate  results  to  a  ten- 
thousandth  of  an  inch ;  and  thus 
the  actual  size  of  the  sample  un- 
der examination  may  at  various 
points  be  determined,  and  compared 
with  the  tabulated  diameter  of  the 
desired  gauge  number.  Deter- 
mination may  also  be  made  of 
the  roundness  of  the  wire.  Care 
should  be  constantly  exercised  to  always  exert  a  constant,  though 
light,  pressure  on  the  micrometer  screw,  that  there  may  be  no 
springing  of  the  apparatus,  and  that  uniform  readings  may  be  ob- 
tained. The  slide  wire  bridge,  for  determining  the  electrical  proper- 
ties of  the  samples  under  examination,  will  be  found  illustrated  and 
described  in  the  chapter  on  testing.  For  determining  the  weight 
of  coils  and  the  weight  per  mile,  there  is  no  better  instrument  than 
a  good  platform  scale,  carefully  tested,  and  adjusted  to  be  sensitive 
to  a  fraction  of  a  pound. 
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as.  SpeoifloatioOB  for  Line  Wire.  —  As  a  guide  to  the  selec- 
tion of  line  wire,  the  following  specifications  are  the  latest  issue  by 
the  British  Postal  Telegraph  authorities. 


I.    SPECIFICATIONS  FOR  COPPER  WIRE. 

In  this  specification,  the  term  "  piece "  shall  be  understood  to 
mean  a  single  length  of  wire  without  joint  or  splice  of  any  descrip- 
tion before  being  drawn,  or  in  a  finished  wire ;  a  "  coil "  shall  be  held 
to  be  a  piece  of  wire  in  the  form  of  a  coil ;  and  a  "  parcel "  shall  be 
any  quantity  of  manufactured  wire  presented  for  examination  and 
testing  at  any  one  time. 

1.  The  wire  shall  be  drawn  in  continuous  pieces  of  the  respective  weights 
and  diametera  given  in  the  Table  hereunto  annexed  {ut  Table  No.  1»). 
and  every  piece  must  be  gauged  for  a  diameter  in  one  or  more  places. 


Table  No.  19. 

Data  aooomianying  BrlUili  P.  O.  Wire  Speoiflomona. 


WnCKT  P»S  STiTBTM 

Mill 

Appbokhiati  Eql'iv*- 

UIHT  DlAH«T»lt. 

Mininxm. 
Bnilung 
Weight. 

MiMnuiD 
NumbCT 

MulmuM 
R«ii<um» 
per  Mil.  ol 

Wirr  wtwi. 
Haidu 

MinimuD 
Weiihtof 

Each  Piece 

(«CDa)ol 

win. 

SUDdard. 

iU=s= 

Sundard. 

RMgt 

Ll». 
100 

U» 
400 

no 

800 

Lbt 

102i 
1401 

aoe 

390 
S8B 

Mil*. 
70 

97 

Ifig 
W 

2at 

Mill. 
80 

not 

U3( 
ISSi 

imi 

IM 

220( 

LU. 
330 

490 

eeo 

MOO 

||  SO 

h 

C  IS 

Ohmi. 

e.0B 

2.27 
1.4M 

Lbe. 
EO 

CO 

w 

80 

80 

A  nuudmuni  weight  ol  iii  pound*  for  euh  coil  li  G»d  foralltiies. 

.  The  wire  shall  be  perfectly  symmetrical,  uniform  in  quality,  pliable,  free 
from  scale,  inequalities,  flaws,  splits,  and  other  defects,  and  shall  be 
subject  to  the  tests  hereinafter  provided  for. 

.  Every  piece  may  be  tested  for  ductility  and  tensile  strength,  and  5^  of 
the  entire  number  of  pieces  may  be  cut  and  tested  in  any  part.  Pieces 
cut  for  this  purpose  shall  not  be  brazed  or  otherwise  joined  together, 
but  each  length  shall  be  bound  up  into  a  separate  coil. 
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4.  The  wire  shall  be  capable  of  being  wrapped  in  six  turns  round  a,  wire  of  its 

own  diameter;  unwrapped,  and  again  wrapped  in  six  turns  round  a  wire- 
of  its  own  diameter  in  the  same  direction  as  the  first  wrapping,  without 
breaking;  and  shall  be  also  capable  of  bearing  the  number  of  twists 
set  down  in  detail,  without  breaking.  The  twist-test  is  made  as 
follows :  The  wire  will  be  gripped  by  two  vises,  one  of  which  will 
be  made  to  revolve  at  a  speed  not  e:(ceeding  one  revolution  per  second. 
The  twist  thus  given  to  the  wire  will  be  reckoned  by  means  of  an 
ink'mark,  which  forms  a  spiral  on  the  wire  during  torsion,  the  full 
number  of  twists  to  be  visible  between  the  vises. 

5.  Test  for  tensile  strength  may  be  made  with  a  lever  or  other  machine 

which  has  the  approval  of  the  officer  appointed  on  behalf  of  the  Post- 
master-General to  inspect  the  wire,  and  hereinafter  called  the  Iiispecting- 
Officer,  who  will  be  afforded  all  requisite  facilities  for  proving  the  cor> 
s  of  the  machine. 


6.  The  electrical  resistance  of  each  test-piece  shall  be  reduced  according  ta 

its  diameter,  and  shall  be  calculated  for  a  temperature  of  flO"  F.     Such 
.  test-piece  shall  measure  not  leas  than  one-thirtieth  part  of  an  English 

7.  If,  after  the  examination  of  any  parcel  of  wire,  5%  ot  such  parcel  fail 

to  meet  all  or  any  of  the  requirements  of  the  specification  and  of  the 
table,  the  whole  of  such  parcel  shall  be  rejected ;  and  on  no  account 
shall  such  parcel,  or  any  part  thereof,  be  again  presented  for  examina- 
tion and  testing;  and  this  stipulation  shall  be  deemed  to  be,  and  shall 
be  treated  as,  an  essential  condition  of  the  contract 
S.  Each  piece,  when  approved  by  the  Inspecting  Officer,  shall  be  made  into  a 
coil,  and  be  separately  bound ;  and  in  no  case  shall  two  or  more  pieces 
be  linked  or  otherwise  jointed  together.  The  eye  of  the  coil  shall  be 
not  less  than  18  inches,  nor  more  than  20  inches,  in  diameter. 
9.  Each  coil  of  approved  wire  shall  be  weighed  separately,  and  its  weight 
(id  English  pounds  avoirdupois)  stamped  on  a  soft  copper  label,  which 
shall  be  provided  by  the  contractors,  the  label  being  firmlyiaffi^ed  to- 
the  inner  part  of  the  coil.  The  contractors  shall  also  provide  the 
assistance  necessary  for  properly  affixing  to  each  coil  of  approved 
wire,  under  the  direction  of  the  Inspecting  Officer,  a  metallic  seal 
which  shall  be  provided  by  the  Postmaster-General,  the  weight  of 
this  seal  being  deducted  from  the  invoiced  weight  of  the  wire  when 
each  delivery  is  made,  or  on  completion  of  the  order,  as  may  be  ar- 
id. The  approved  wire  shall  be  wrapped  in  canvaa,  and  be  delivered  as. 
required,  securely  packed  in  casks  or  cases. 
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IL    SPECIFICATIONS  FOR  IRON  WIRE. 

For  iron  wire  the  same  general  characteristics  are  required  in  so 
far  as  quality  of  wire  and  amount  of  testing  and  inspection  are  con- 
cerned. The  physical  requirements,  however,  will  be  found  in 
Table  No.  20. 

Table  No.  20 


Mil* 

D.*-™ 

Tbts 

DUCTILIIV 

'"'« 

" 

4 
tl 

A 

J 

J 

5 

Is 

Weight 

1 

Allowed. 

i 
1 

AUo«d. 

i 

1 

1 

■5 

J 
1 

1 

3 

I 

i 
1 
J 

1 

1 

■s 

1 

'1 

1] 

f 

Vitce(a 
CoUy 

J 

j 

; 

1 

J 

Z 

, 

£ 

i 

1 

Lbs. 

Lbi. 

Mk 

Mil. 

Mil> 

i,h« 

Ll*l 

i,». 

Ohm.. 

i.h>, 

u». 

«nn 

Tit; 

ati 

8.76 

120 

«o 

^ 

029' 

m 

170 

iwt 

fim 

ID 

1428      18 

17 

12^ 

^Ito 

!» 

m 

.177 

171 

120 

300 

i«a 

■la 

va 

118 

125 

eao 

» 

6K 

ao 

27  J» 

M»|« 

B6 

The  most  recent  practice  in  American  aerial  line  construction 
requires  manufacturers  to  furnish  line  wire  under  the  following 
requirements  :  — 

COPPER  WIRE. 

1.  Finish.  —  Each  coil  shall  be  drawn  in  one  length  and  be  exempt  from  all 

joints  or  splices.  All  wire  shall  be  truly  cylindrical  and  fully  up  to 
gauge  specified  for  each  size,  and  must  not  contain  any  scale,  inequali- 
ties, flaws,  cold  shuts,  seams,  or  other  imperfections. 

2.  Inspection.  — The  purchaser  will  appoint  an  inspector,  who  shall  be  sup- 

plied by  the  manufacturer  with  all  facilities  which  may  be  required  for 
examining  the  finished  product,  or  any  of  the  processes  of  manufacture. 
The  insjwctor  shall  have  the  privilege  of  overseeing  the  packing  and 
shipping  of  the  samples.  The  inspector  will  reject  any  and  all  wire 
which  docs  not  fully  come  up  to  all  the  specification  requirements.  The 
purchaser  further  reserves  the  right  to  reject  on  reception,  any  or  all  lots 
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of  wire  vrhich  do  not  fiiltil  the  specilications,  even  though  they  shall  pre- 
viously have  been  passed  or  accepted  by  the  inspector. 

5.  Apparatos.  —  The  manufacturer  must  supply,  at  the  mill,  the  necessary 

apparatus  for  making  the  examination  called  for.  This  apparatus  shall 
consist  of  a  tension  testing- machine,  a  torsion  testing-machine,  an  elon- 
gation gauge,  an  accurate  platform  scale,  and  an  accurate  bridge  and 
battery.  Each  of  these  pieces  of  apparatus  may  be  examiited  by,  and 
shall  be  satisfactory  to,  the  inspector. 
4.  Puilng  for  Sbipment.  — -  When  ready  for  shipment,  each  coil  must  be 
securely  tied  with  not  less  than  four  separate  pieces  of  strong  twine,  and 
shall  be  protected  by  a  sufficient  wrapping  of  burlap  so  the  wire  may  not 
be  injured  during  transportation.  The  wrappings  shall  be  placed  upon 
the  wire  bundles,  a^er  they  have  been  coiled  and  secured  by  the  twine. 
The  diameter  of  the  eye  of  each  coil  shall  be  prescribed  by  the  inspector, 
and  all  coils  shipped  shall  not  vary  more  than  two  inches  in  the  diameter 
of  the  eye. 

6.  WetiU.  —  Each  coil  shall  have  its  length  and  weight  plainly  and  indelibly 

marked  upon  two  brass  tags,  which  shall  be  secured  to  the  coil,  one 
inside  of  the  wrapping,  and  the  other  outside. 

6.    MtclWDleiil  Pntpeitiu All  wire  shall  be  fully  and  truly  up  to  gauge 

standard,  as  per  B.  and  S,  wire  gauge.  The  wire  shall  be  cylindrical  in 
every  respect.  The  inspector  shall  test  the  size  and  roundness  of  the 
wire  by  measuring  each  end  of  each  coil,  and  also  by  measuring  at  least 
four  places  in  the  length  of  each  coil.  A  variation  of  not  more  than  one 
and  one-half  mils  on  either  side  of  the  specified  wire  gauge  number  will 
be  allowed,  and  the  wire  must  be  truly  round  within  one  mil  upon  oppo- 
site diameters  at  the  same  point  of  measurement.  The  strength  of  the 
wire  shall  be  determined  by  taking  a  sample  from  one  end  of  each  coil, 
SO"  in  length.  Of  this  piece,  18"  shall  be  tested  for  tension  and  elonga- 
gation,  by  breaking  the  same  in  the  tension  testing-machine.  The  sam- 
ples should  show  a  strength  in  accordance  with  Table  No,  ai  ;— 

Table  No.  21. 


S.«  or 

BUMKIKG 

BUMAKING 

Sll«  OF 

Bmak.ho 

Bmakihg 

W.ICHT  OF 

B.4  S. 

Hakd-dha-.k. 

B.&  S. 

Gaucb. 

Lts. 

LBS. 

GAUGt 

Lbs. 

Lbs. 

0000 

8,971 

6,860 

9 

nT 

348 

000 

ism 

4,480 

10 

00 

8,271 

3«3 

388 

219 

*,B73 

2,818 

13 

307 

174 

1 

SM3 

!,S34 

13 

M« 

138 

8,m 

i,T7a 

14 

183 

108 

a,uo 

1,406 

IS 

n 

1,887 

1,114 

16 

1X» 

17 

66 

\3sn 

Ttn 

18 

77 

43 

«80 

GG6 

19 

61 

84 

778 

440 

SO 

48 

m 
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A  variation  of  IJ  per  cent  on  either  side  of  tlie  tabular  limits  will  be  ac- 
cepted by  the  inspector.  The  elongation  of  the  wire  must  be  at  least 
3  per  cent  for  all  siies  larger  than  No.  1 ;  li  per  cent  from  No,  1  to  No.  10, 
and  1  per  cent  for  sizes  less  than  No.  10,  for  hard-drawn  copper  wire.  The 
remainder  of  the  sample  selected  will  be  tested  for  torsion.  The  torsion 
sample  will  be  twisted  in  the  torsion  testing- machine  to  destruction,  one 
foot  in  length  being  placed  between  the  jaws  of  the  machine.  Under 
these  circumstances,  hard-drawn  copper  wire  shall  show  not  less  than  20 
twists  for  siies  over  No.  1 ;  from  40  to  90  twists  in  sizes  from  No.  1  to 
No.  10  i  and  not  less  than  100  twists  in  sizes  less  than  No.  10.  Should 
the  sample  selected  from  one  end  of  each  coil  show  feilure  to  come  up  to 
the  specifications,  the  inspector  may  take  a  second  sample  from  the  other 
end  of  the  coil-  If  the  average  of  the  results  from  both  samples  shall  be 
within  the  specifications,  the  coil  shall  be  accepted ;  if  not  within  the 
specifications,  the  coil  shall  be  rejected.  The  weight  per  mile  shall  be  de- 
termined by  carefully  weighing  2  per  cent  of  the  number  of  coils  called 
for  in  the  contract ;  and  the  weight  thus  obtained  shall  correspond,  within 
2  per  cent,  on  either  side  of  the  result  given  in  the  following  formulse :  — 


Weight  per  mile        - -^l^: 

Weight  per  1000  ft.  -  „„9^,„  . 
*     *^  830.363 

.  Electrical  Properties.  —  The  electrical  properties  of  the  wire  shall  be 

determined  by  the  inspector,  selecting  3  per  cent  of  the  coils,  and  from 
them  taking  lengths  of  100  ft,.  600  ft.,  or  1000  ft,,  at  his  discretion,  and 
measuring  the  conductivity  of  the  same  with  a  standard  bridge.  For 
soft-drawn  copper  wire,  the  following  resistance  per  mil  ft.  will  be 
assumed ;  — 


Table  No.  22. 
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the  resistance  per  mil  ft.  shall  be  1.0226  times  the 
11  wire  shall  be  within  98  per  cent  of  the  above 


For  hard-drawn  v 
foregoing  figures, 
figures. 

.  Keqnlrementa  tat  boo  Wire All   iron  wire  shall   be  subjected  to  the 

same  general  requirements  as  above  specified  for  copper  wire,  and  shall 
be  inspected  and  tested  in  the  same  general  manner.  The  wire  shall  be 
carefully  annealed,  without  burning  or  undue  rusting  from  the  heal  of  the 
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foraafe.    It  shall  be  soft,  pliable,  and  capable  of  elongating  not  less  than 
15  per  cent  in  lengths  of  one  foot  between  the  jaws  of  the  testing- 

— Weights  and  strengths  of  the  various  sizes  shall 

Table  No.  23. 
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In  general  the  weight  per  mile  shall  be  CJ//72.  High  tensile  strength  is 
not  required ;  but,  in  general,  wire  must  not  break  under  less  strain 
than  two  and  one-half  times  its  weight  per  mile  In  pounds. 

10.  Tonion  Tests.  —  Torsion  tests  will  be  made  as  prescribed  for  copper  wire, 

and  the  specimens  must  not  fail  under  less  than  80  twbis  in  a  length  of 
one  foot.  In  the  mechanical  requirements  for  iron  wire,  a  variation  of 
3  per  cent  on  either  side  of  the  specification  limits  will  be  accepted  by 
the  inspector. 

11.  The  electrical  resistance  of  iron  wire  will  be  determined  in  the  same  man- 

ner as  specified  for  copper  wire,  excepting  that  the  resistance  of  the  iron 
wire  shall  be  6.081  times  the  resistance  of  the  copper  wire  per  mil  ft.  at 
32°  F.,  with  an  allowance  of  .278  per  cent  for  every  degree  of  increase 
of  temperature. 
J2.  GalTaoliing.  —  When  galvanized  wire  is  called  for,  the  galvanizing  must 
be  true  and  smooth  over  the  entire  length  of  all  the  coils,  showing  that 
the  zinc  has  been  carefully  and  evenly  wiped  off.  The  wire  must  show 
no  black  spots,  scales,  or  inequalities.  The  galvanizing  will  be  tested 
by  plunging  a  sample  of  wire  from  5  per  cent  of  all  the  coils  into  a 
saturated  solution  of  sulphate  of  copper,  and  permitting  same  to  re- 
main for  70  seconds.  The  wire  will  then  be  withdrawn  and  wiped 
clean.  Thb  operation  will  be  repeated  four  times,  at  the  end  of  which 
time,  if  the  wire  appears  black,  the  galvanizing  will  be  considered  satis- 
factory, and  the  sample  accepted.  If,  on  the  contrary,  any  precipitated 
copper  is  shown,  the  galvanizing  will  not  be  considered  suiEciently  well 
done,  and  the  samples  may  l>e  rejected. 


34.  The  TeneioD  of  Aerial  Lines.  —  When  a  wire  is  stretched 
between  the  points  A  and  B,  Fig.  10,  situated  at  the  same  level,  it 
describes  a  curve  ADB,  known  under  the  name  of  the  catenary. 

The  horizontal  distance  AB  is  termed  the  span,  while  the  verti- 
cal distance  CD  between  the  lowest  point  of  the  curve  and  the 
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horizontal  line  AB  is  the  deflection.  The  catenary  may  be  re- 
ferred to  two  rectangular  co-ordinates,  of  which  the  vertical  axis 
Oy  passes  through  the  lowest  point  of  the  curve,  while  the  horizontal 


axis  is  situated  at  such  a  distance  " k"  below  the  point  D,  or  the 
lowest  part  of  the  curve,  that  if  the  tension  of  the  wire  at  this  point 
be  represented  by  T,  and  the  weight  per  unit  of  length  by  P,  then 

*-y-  (1) 

Under  these  conditions  the  equation  of  the  catenary  may  be 
represented  by  ,  , 

in  which  e  is  the  base  of  the  Napierian  system  of  logarithms.  Devel- 
oping the  second  number  of  this  equation  by  McLaurin's  formula, 


■'-''(•+T£p  +  r2lb+"'-)- 


<3) 


Usually  the  tension  T  is  so  large  in  respect  to  the  weight  P  that 
for  all  ordinary  spans  it  is  sufficient  to  represent  the  curve  by  the 
following  equation,  which  is  readily  recognized  as  that  of  a  parabola. 


2h 


W 


Calling  the  span  a,  the  deflection  /  and  making  x=--,  from  equa- 
tion (4), 


/  =  A+^C6),and/-^ 


(6) 


ly  Google 
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This  last  equation  gives  the  deflection  at  the  center,  if  the  weight 
per  unit  of  length  is  known,  as  well  as  the  span  and  the  tension  at 
the  lowest  point.  If  the  span,  the  deflection,  and  weight  are  known, 
it  is  easy  to  calculate  the  tension.  The  tension  7]^  at  the  highest 
point  is  given  by  the  equation 

T^=T-\-Pf.  (7) 

Except  in  cases  where  the  deflection  is  very  great,  the  tension  T^ 
does  not  sensibly  differ  from  the  tension  T^at  the  lowest  point ;  and 
without  serious  error  it  may  be  assumed  that  the  tension  calculated 
by  formula  (6)  represents  the  tension  throughout  all  points  of  the 
span.     The  length  of  the  wire  may  be  obtained  from  the  equation 

H  -  V^?+^-  flfey/l  +  C^Y  (8) 

Substituting  for  dyjdx  its  value  from  equation  (4) 

an  expression  that  for  common  spans  reduces  to 

dl~dx{\-\-  ^)  integrating,  (10), 

If  a  equals  the  horizontal  span,  /  the  actual  length  of  the  wire  be- 
tween the  insulators, /the  deflection  of  the  wire  at  the  center,  P  the 
weight  of  one  unit  of  length  of  the  wire,  and  T  the  tension  of  the  wire 
at  its  lowest  point,  the  three  following  equations  are  approximate :  — 
12  3 

/=^(13)  r-0(14)  /=«  +  |^(16) 

36.  Influence  of  ^e  Variations  of  Temperature.  —  The  ten- 
sion in  the  wire  deduced  from  these  fomiulse  is  obviously  the  tension 
at  the  time  when  the  line  is  erected.     If  the  temperature  falls,  the 


(9) 


(11) 
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wire  tends  to  contract  in  proportion  to  the  diminution  of  tempera- 
ture. The  elasticity  of  the  wire,  however,  allows  it  to  elongate 
somewhat  under  any  increase  in  the  tension  that  results  from  the 
contraction.  The  accumulation  of  sleet  or  snow  upon  the  wire  adds 
a  v€:ry  considerable  amount  to  its  weight,  and  consequently  to  the 

Table  No.  24. 
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tension  to  which  it  is  subjected  In  order  to  ensure  against  acci- 
dents, it  is  therefore  necessary  to  so  adjust  the  tension  of  the  wire 
when  the  line  is  erected,  that  under  all  ordinary  circumstances  no 
future  stresses  will  be  sufficient  to  exceed  the  elastic  limit  of  the 
material.  The  limiting  tension  permissible  is  often  assumed  to  be 
from  one-fifth  to  one-quarter  of  the  breaking-strain,  the  limit  of  elas- 
ticity usually  being  about  one-third  of  the  ultimate  strength.  Lines 
"which  are  erected  in  the  summer  time  should  be  allowed  a  much 
greater  deflection  than  those  placed  in  the  winter,  in  order  that  the 
contraction  due  to  cold  weather  may  not  cause  the  tension  to  exceed 
the  safety  limit.  Long  spans  must  have  more  slack  than  short  ones, 
and  straight  lines  must  be  given  more  deflection  than  those  in  which 
curves  are  of  frequent  occurrence ;  for  the  curve  allows  the  line  to 
give  somewhat  under  the  additional  stresses  introduced  by  contrac- 
tion. While  slack 'lines  are  safer  so  far  as  the  tension  on  the  wires 
is  concerned,  they  are  liable  to  give  extreme  trouble  from  swinging 
crosses,  and  from  entanglement  with  neighboring  wires.  In  Table 
No.  24  will  be  foimd  data  indicating  the  appropriate  deflections  and 
tensions  to  be  observed  in  stringing  the  more  common  sizes  of  iron 
and  copper  wire  at  the  various  temperatures  to  be  met  with  in  practice. 
If,  in  equations  (13),  (14)  and  (15),  a  and  P  be  made  unity  and  if  f 
be  calculated  as  a  percent  of  a,  a  table  of  coeflicients  can  be  formed 
from  which  the  tension  in  any  span  of  any  weight  of  wire  or  its  length 
can  be  at  once  calculated  by  simple  multiplication.  Table  No.  25 
is  such  a  table  of  coefficients. 

Table  No.  25. 
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CHAPTER   III. 
oozTBTRncnoN  OF  ATiPTtT.  ciRomrs. 

GENERAL  LINE  WORK. 

Art.  26.  Clasaifloation.  —  Assuming  the  location  of  the  central 
station  as  selected,  and  the  general  design  of  the  plant  determined, 
the  construction  of  the  necessary  circuit  becomes  a  matter  for  con- 
sideration. Electrical  circuits  may  be  primarily  divided  into  Aerial 
and  Underground,  depending  upon  whether  the  line  is  placed  upon 
poles  distributed  over  the  surface,  or  carried  through  a  conduit  or 
other  structure  buried  in  the  earth.  Either  form  of  circuit  may  be 
further  classified  as  Metallic  or  Grounded.  In  the  metallic  circuit, 
the  entire  line  is  composed  of  wire  extending  from  one  pole  of  the 
generating-stalion  back  to  the  other  pole.  In  the  grounded  circuit, 
a  portion  of  the  line  is  composed  of  wire,  while  for  the  remainder  the 
earth  as  a  return  is  used.  Depending  on  the  design  of  the  plant, 
electrical  circuits  may  still  further  be  catalogued  as  Telegraph  cir- 
cuits, Telephone  circuits,  and  Power  circuits  ;  and  the  latter  group 
may  still  further  be  subdivided  into  Lighting  circuits.  Motor  circuits, 
and  Railway  circuits. 

37.  Aerial  Unea. — Recently  all  electrical  circuits  were  of  the 
aerial  type;  as  it  has  only  been  within  recent  years  that  the  increasing 
multiplicity  of  overhead  wires  has  caused  the  various  forms  of  conduit 
to  spring  into  existence,  that  the  streets  of  the  larger  cities  might  be 
freed  from  the  inconvenience  of  pole  circuits. 

Aerial  lines  are  built  by  setting  upright  into  the  ground  poles 
of  sufficient  strength  to  carry  the  weight  of  wire  necessary  for 
the  circuits,  and  the  various  lines  are  supported  on  insulators 
placed  on  cross-arms  attached  to  the  tops  Of  the  poles.  For  open 
country  lines  wooden  poles  are  used,  white  Canadian  cedar,  Northern 
pine,  or  chestnut  being  considered  the  best  material.  In  the  South, 
cypress  or  Southern  pine  is  common ;  but  it  does  not  weather  as 
well  as  the  Northern  woods.     The  poles  should  be  sound,  live  wood, 
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strdght  and  true,  and  free  from  bad  knots,  shakes,  large  cracks, 
dry  rot,  and  other  defects.  The  poles  should  not  be  less  than  six 
inches  in  diameter  at  the  top  for  lines  through  the  open  country,  or 
from  seven  to  eight  inches  for  city  work.  The  bark  should  be 
carefully  stripped  from  the  poles,  which  should  then  be  shaved  and 
trimmed,  and  the  gains  for  the  cross-arms  cut.  It  is  also  customary 
to  bolt  the  cross-arms  to  the  poles  previous  to  setting,  as  it  is  con- 
siderably more  economical  for  this  work  to  be  performed  on  the 
ground  level.  The  distance  apart  at  which  poles  are  set  varies 
greatly  with  the  nature  of  the  line,  and  territory  through  which  it  is 
constructed.  For  light  lines  in  the  open  country,  from  thirty-five  to 
forty-two  poles  per  mile  is  a  common  rule.  For  heavier  city  lines, 
forty  to  fifty  poles  per  mile  is  usual ;  while  for  electric  railway  work, 
from  forty-five  to  fifty-five  poles  to  the  mile  are  necessary. 

as.  Methods  of  Preservation.  —  In  this  country  it  is  not  cus- 
tomary to  treat  the  poles  in  any  way  in  reference  to  their  preservation, 
excepting  to  give  them  one  coat  of  paint  previous  to,  and  one  after, 
erection.  In  Europe  the  custom  of  creosoting,  or  of  treating  them 
with  various  preserving  solutions,  is  quite  common.  Besides  the 
operation  of  creosoting,  several  methods  of  preservation  have  been 
suggested,  which  consist  in  soaking  the  poles  in  large  tanks  filled  with 
solutions  of.  chloride  of  zinc,  chloride  of  mercury,  sulphate  of  iron, 
or  sulphate  of  copper.  It  is  the  attempt  of  all  of  these  processes  to 
make  the  preserving  solution  saturate  the  wood,  and  form,  with  the 
various  vegetable  albumens,  insoluble  compounds,  thus  lengthening 
the  hfe  of  the  timber.  With  the  exception  of  creosoting,  all  these 
methods  involve  considerable  expense,  and  as  yet  have  not  given 
results  that  seem  to  justify  the  necessary  outlay.  Recently  the 
process  of  "Vulcanizing,"  which  simply  consists  in  heating  the  poles 
for  some  hours  in  a  closed  cylinder  to  about  500°  F.,  has  given  great 
satisfaction.  The  high  temperature  seasons  the  wood  by  coagulating 
the  albumen,  adding  greatly  to  the  life  of  the  pole.  The  simplicity 
and  cheapness  of  this  process  are  greatly  in  its  favor. 

The  treatment  by  the  creosoting  process  consists  in  placing  the 
poles  in  a  strong  iron  vat  from  which  the  air  can  be  exhausted.  In 
the  vacuum  thus  produced,  all  the  sap  and  other  juices  of  the  wood 
flow  outwards,  and  are  carried  away  by  a  suitable  system  of  piping. 
Live  steam  at  a  pressure  of  about  100  pounds  to  the  square  inch 
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is  then  admitted  into  the  cylinder,  and  the  poles  thoroughly  cooke.1 
and  steamed  for  several  hours.  Subsequent  to  the  steaming,  cruae 
petroleum  oil  is  admitted  into  the  cylinder  under  a  hydrostatic 
pressure  of  200  to  300  pounds.  By  means  of  this  operation  it  is 
expected  that  all  the  fluids  contained  in  the  woods  are  extracted, 
and  are  replaced  by  the  crude  petroleum,  contributing  very  materially 
to  the  life  of  the  poles.  Experiments  have  shown  that  lines  con- 
structed of  poles  treated  in  this  manner  are  in  perfectly  good  con- 
dition after  twenty  years  of  life. 

39.  The  Height  of  Poles.  —  The  height  of  the  poles  which  it 
is  necessary  to  use  will  depend  very  largely  upon  the  magnitude  or 
number  of  circuits  which  they  are  to  sustain.  For  ordinary  city 
work,  for  telegraph  or  telephone  construction,  a  height  of  40  to  60 
feet  is  usually  employed.  In  some  cases,  however,  very  notably  in 
some  of  the  large  metropolitan  lines,  poles  of  100  or  even  125  feet 
in  height  have  been  erected,  carrying  a  very  large  number  of  wires. 
Usually  it  is  preferable  to  use  a  high  pole  rather  than  a  low  one,  in 
order  that  the  line  may  be  thoroughly  clear  of  the  street,  and  may 
not  become  too  much  of  an  obstruction  to  neighboring  buildings. 

80.  Cross^Arma.  —  The  cross-arms,  carrying  insulators,  should 
preferably  be  of  yellow  pine ;  they  should  be  carefully  sawed,  true 
and  square,  and  should  be  of  sound  hard  wood,  and  thoroughly  coated 
with  mineral  paint  having  good  insulating  properties.  The  cross- 
arms  are  usually  4^"  x  SJ^",  and  vary  from  3  to  10  feet  in  length, 
depending  upon  the  number  of  insulators  to  be  supported.  Two 
wires  are  carried  on  a  three-foot  arm,  and  10  on  a  ten-foot  arm. 
The  top  of  the  arm  is  rounded  with  a  circular  chamfer,  as  shown  at 
C,  Fig.  11,  to  prevent  the  accumulation  of  snow  and  water.  Fre- 
quently the  arms,  including  the  pins,  are  assembled  at  the  factory  and 
shipped  complete.  The  cross-arms  are  usually  set  20"  apart  vertically 
along  the  gains,  strongly  bolted  and  braced.  Two  braces  are  allotted 
to  each  arm.  They  are  of  galvanized  iron,  1  J"  wide,  J"  thick,  and  28" 
fong.  One  end  of  each  brace  of  every  pair  is  attached  to  the  pole 
by  some  form  of  bolt,  the  other  end  being  attached  to  the  next 
arm  above,  between  the  second  and  third  pin  on  the  right  and  left  hand 
of  the  pole,  thus  forming  a  bracket  to  steady  the  arm.  It  has  been 
customary  to  secure  the  arm  to  the  pole  by  means  of  two  lag-bolta 
passed  through  the  arms,  and  screwed  into  the  pole.     As  the  thread 
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of  the  lag-bolt  destroys  the  fiber  of  the  pole  to  such  an  extent  that 
it  is  usually  impossible  to  replace  cross-arms  after  the  line  has  been 
some  years  in  service,  it  is  at  present  considered  better  to  fasten 
the  arm  with  a  single  machine-bolt,  passed  entirely  through  both  arm 
and  pole,  the  bolt  hole  being  cleanly  bored  with  a  sharp  bit,  accu- 
rately to  fit  the  bolt  The  bearings  of  the  bolt -head  and  nut  should 
be  prevented  from  crushing  the  wood  by  ample  washers.  In  lines 
constructed  of  machined  poles,  as  in  street  railway  work,  when  the 
pole-tops  are  all  uniform  in  size,  the  cross-arms  may  best  be  fastened 
by  means  of  a  U-bolt  that  extends  entirely  around  the  pole.  This 
method  obviates  any  injury  or  weakening  of  the  pole  itself, 

31.   Pins. — The  insulator  pins  should  be  of  locust  or  oak.     The 
pins  have  a  turned  shank  li"  in  diameter  to  fit  the  hole  in  the  cross- 


Cntt-Armi  and  Pin, 


arm,  and  when  in  place  are  secured  by  a  single  wire  nail  driven 
through  the  arm.  The  upper  part  of  the  pin  is  threaded  to  match 
the  particular  insulator  for  which  the  line  is  designed.  Where 
comers  in  the  line  occur,  the  sustaining  power  of  the  pin  is  re-en- 
forced by  securing  it  to  the  arm  by  a  nut  and  washer.  A  comer  pin 
is  indicated  at  B,  Fig.  11,  and  a  common  pin  at  A.  The  pins  -are 
placed  10"  to  12"  apart  on  the  arm,  with  an  allowance  of  15" 
between  the  two  middle  pins,  in  order  that  the  wires  supported  by 
them  may  adequately  clear  the  pole.  The  general  aspect  of  a 
properly  equipped  wooden  pole-top,  for  telephone  or  telegraph  lines, 
is  shown  in    Fig.  12  (p.  50). 

32.  The     Facing    of  Anna  —  In  setting  the  poles,  it  is  custom- 
ary to  place  the  cross-arms  in   such  a  manner  that  those  on   the 
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adjacent  poles  shall  face  each  other,  while  on  the  next  two  poles 
they  shall  be  turned  back  to  back.  The  object  of  this  disposition 
of  the  cross-arms  is  to  prevent  accident  in  case  of  the  breaking  of 
any  of  the  wires.  If  the  cross-arms  were  all  set  in  one  direction, 
an  excessive  stress,  or  some  accidental  cause,  such  as  a  broken 
pole,  might  wrench  off  one  of  the  cross-arms,  and  the  stress  being 
transferred  to  the  next  one,  like  a  row  of  blocks  the  whole  line 
would  go  down.  On  the  contrary,  if  the  arms  are  set  alternately 
facing  and  back  to  back,  it  is  practically  impossible  to  pull  ofi  more 


Fit.  t2.     Poll-Top. 

than  two  sets  of  arms,  and  thus,  frequently,  a  broken  pole  is  kept 
from  falling,  and  the  line  saved.  To  obtain  good  appearance,  the 
poles  should  be  carefully  set  plumb  and  true,  heaving  their  tops 
essentially  in  a  straight  line.  In  city  work  this  condition  can 
usually  be  attained  by  using  poles  of  the  same  height.  In  the  open 
country,  owing  to  the  differences  in  level,  it  is  essential  to  use  poles 
of  correspondingly  varying  heights  in  order  to  preserve  uniformity, 
38.  Stresses.  —  The  stresses  to  which  a  pole-line  is  subjected 
are  primarily  due  to  the  weight  of  the  wire  and  cable  which  the 
poles  have  to  support,  and  to  the  longitudinal  stresses  due  to  the 
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tension  upon  them.     Concerning  the  stresses  to  which  the  poles 
are  subjected,  the  forces  may  be  divided  into  three  classes. 

34.  First.  —  In  straight  line  work  the  cross-arms  and  insulators 
transmit  to  the  poles  the  weight  of  the  wire  and  cables  supported 
upon  them.  This  stress  acts  vertically,  being  a  direct  load  tending 
to  break  the  arm  at  the  center  where  it  is  secured  to  the  pole,  and 
to  crush  the  pole  as  a  column.  In  the  winter,  the  weight  thus 
thrown  on  poles  may  be  very  largely  augmented  by  snow  or  sleet, 
'With  which  the  wires  may  become  incrusted. 

86.  Second.  —  The  action  of  the  wind  against  the  wires  de- 
velops considerable  lateral  stress,  which  causes  the  poles  to  vibrate 
in  a  dangerous  manner,  and  may  break  them  at  or  near  the  surface 
of  the  ground. 

8fl,  Third.  —  Whenever  a  change  of  direction  occurs  in  a  pole- 
line,  or  wherever  one  or  more  wires  or  cables  are  terminated,  the 
poles  are  subjected  to  a  bending-stress,  equivalent  in  the  first  case 
to  the  resultant  of  the  tension  in  all  of  the  circuits,  pulling  the  poles 
sidewise ;  and  in  the  second  case,  to  a  bending-moment  derived  from 
the  sum  of  all  the  tensions  in  the  wires,  or  other  circuits  which  are 
ended,  tending  to  pull  the  pole  over  longitudinally  in  the  direction 
of  the  line. 

Great  care  must  be  exercised  in  the  design  of  all  lines  of  magni- 
tude, to  see  that,  at  the  points  of  change  of  direction,  or  at  the 
termination  of  any  or  all  circuits,  the  poles  are  sufficiently  strong 
or  carefully  braced  to  withstand  these  stresses. 

In  the  case  of  a  change  of  direction  in  a  pole-line,  the  resultant 
of  the  line  stress  may  be  readily  determined  by  the  application  of 
the  well-known  principle  of  the  parallelogram  of  forces.  By  examin- 
ing the  tensions  in  the  line  on  either  side  of  the  angle,  and  determin- 
ing the  resultant,  the  magnitude  of  the  force  tending  to  deflect  the 
pole,  and  its  direction,  are  readily  ascertained.  To  counterbalance 
this  tendency,  the  pole  must  be  either  stiff  enough  to  stand  the 
bending-moment,  or  else  the  top  of  the  pole  must  be  anchored 
in  a  direction  opposed  to  the  resultant  stress,  by  means  of  a  guy 
wire  or  rod, 

87.  CaloulationB  for  Pole  Strenarth.  —  A  pole  subjected  to  a 
horizontal  force  is  bent  in  the  direction  of  the  force ;  the  fibers  of 
the  wood  lying  on  the  side  of  the  pole  toward  the  force  being  ex- 
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tended,  and  those  on  the  opposite  side  being  compressed.  If,  as 
is  usually  the  case,  the  pole'  be  a  truncated  cone,  rapture  occurs 
at  the  surface  of  the  ground  when  the  diameter  of  the  pole  at  the 
point  of  application  of  the  force  is  equal  to,  or  greater  than,  ^  of 
the  diameter  at  the  surface  of  the  ground.  When  the  diameter  of 
the  section  at  the  point  of  application  of  the  force  is  less,  the 
rupture  takes  place  above  the  surface  of  the  ground,  at  that  point 
where  the  diameter  ts  }  of  the  diameter  at  the  point  of  application  of 
the  force. 

The  horizontal  force  which  a  pole  will  support  at  the  instant 
of  rupture,  when  the  section  of  rupture  coincides  with  the  section 
at  the  groimd  level,  is  shown  by  the  formula  — 


4Z    ' 


(16) 


where  R  is  the  radius  of  the  section  at  the  surface  of  the  ground,  L 
is  the  height  above  the  soil  of  the  point  of  application  of  the  force, 
and  7*]  is  the  resistance  to  rupture  per  unit  section  <A  the  substance 
which  forms  the  pole. 

Transposing  and  assuming  10  as  a  factor  of  safety,  the  formula 
becomes 

H^^fWm,  (17) 

Where  the  diameter  of  the  section  at  the  point  of  application 
of  the  force  is  less  than  |  of  the  diameter  at  the  surface  of  the 
ground,  and  the  section  of  rupture  is  above  the  ground  level,  the 
force  /'which  will  rupture  the  pole  is  given  by  the  more  complicated 
formula  — 

^_27,;..H^J^.)^.,  (18, 

in  which  R  is  the  radius  of  the  section  at  the  surface  of  the  ground, 
and  R ,  the  radius  of  the  section  at  which  the  force  is  applied.  F,  in 
all  cases,  is  the  resultant  of  the  horizontal  forces  acting  on  the  pole, 
and  a  factor  of  safety  of  from  6  to  10  should  be  used. 

The  value  of  71  may  be  found  in  Tables  Nos.  26  and  27,  com- 
piled from  standard  authorities,  which  give  the  ultimate  or  breaking 
load  of  various  kinds  of  wood,  either  in  tension  or  compression. 
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Table   No.   26. 


Ash,  white lO.IHKl  to  17,000 

Ash,  American 5,.")(HI   -    17,000 

Ash.  English 4.0W0    -    H!,000 

Beech 5,000   •'   U.OOO 

Birch 7,000    "    l.j.OOO 

Cedar,  Lebanon lO.WM)   "   12.000 

Cedar,  West  Indian 4,000    "     7,500 

Cedar,  American 11,400 

Chestnut 7,000   "   13,000 

Cypress 6,000 

Deal.  Christiania 12,900 

Elm 6,000   "   10,000 

Oak 10,000  . 

Pine,  pitch 7,600 

Pine.  Riga 14,300 

Pinj,  yellow 5,000    ■'    12,000 

Pino,  red 3,000 

Poplar         6,500    "      7,000 

Retjwood,  California 10,800 

Spruce 5,000   "   10,000 

Sycamore       0,000    "   13,000 

Table    No.  27. 

Crmhlng  Strength  of  Ttanber. 

CnuSHinc  Wiight  ih  Lbs. 

Ash        5,000  to     8,000 

Beech 7,700 

Birch 4,500    "      0,000 

Cedar,  rid 4,500   "     5,900 

Chestnut 5,350 

Elm       0,000   "   10,000 

Oak,  American,  white 4,000   "     Sl.OOO 

Oak,  English 6,500   "     !l,.>00 

Oak,   Dannie '     7,700 

Pint-,  pitch 0,800 

Pin;,  yellow 5,-100    "      0,500 

Pin-,  red 6,000    "     7.500 

Pine,  white 5.000    '■     6,000 

Spruce,  white 4,500   "     6,000 
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39.  The  preceding  formulae  are  generally  applicable  where  the 
lorces  acting  on  a  pole  may  be  resolved  into  one  horizontal  com- 
ponent. Often  the  horizontal  force  is  exceedingly  large,  as  in  a 
■corner  or  terminal  pole.  In  such  cases,  an  unsupported  pole  of 
sufficient  strength  would  be  impracticable.  By  staying  the  pole  with 
a  guy-rod,  a  new  set  of  conditions  arise.  Where  a  pole  stands  with- 
out guying,  one-half  of  its  fibers  are  in  tension  and  the  other  half  in 
compression.  When  the  guy-rod  is  added,  all  the  fibers  of  the  pole 
are  under  compression,  while  the  guy-rod  is  under  tension. 

Let  F  equal  the  known  horizontal  resultant  of  the  forces  which 
act  on  the  pole ;  A  the  angle  between  the  guy-rod  and  the  ground 
level  (horizontal) ;  a,  the  angle  between  the  guy-rod  and  the  pole 
(perpendicular) ;  T,  the  tension  on  the  guy-rod ;  and  S,  the  crushing- 
force  acting  on  the  pole 

Then,  T  -  -^      (19),  and  J  =  rcos  a.  (20) 

cos^ 

These  formulas  are  true,  assuming  that  the  guy-rod  is  attached 
to  the  pole  at  the  point  of  application  of  the  horizontal  resultant 
force  F. 

Represent  by  P  the  total  weight  of  pole  cross-arms,  guy-rod, 
-fixtures,  wires,  and  cables.  The  total  crushing-force  W  acting  on 
the  pole  is  then  S-\-  P. 

Considering  the  pole  n&w  as  a  long  column  fixed  at  one  end,  in 
which  /  is  the  distance  in  feet  from  ground  to  section  just  below 
cross-arms ;  d  is  the  diameter  in  inches  of  the  smallest  section  of  the 
pole  below  the  cross-arms ;  Hodgkinson's  experiments  indicate  that 
the  ultimate  supporting  power  is  given  for  pine  columns  by  the 
expression,  —  ^ 

W  (in  short  tons)  =  4  ^ .  (21) 

For  any  other  kind  of  wood,  the  resistance  to  rupture  will  be  in  pro- 
portion to  the  respective  ultimate  crushing-strength,  as  given  in 
Table  No.  27. 

38.  In  the  case  of  the  ordinary  pole-line,  provision  must  be 
made  for  two  things  —  wind  pressure,  and  the  crushing-weight  due 
to  snow  and  ice  on  the  wires.  Assuming  a  wind  pressure  of  30  lbs. 
per  sq,  ft.,  the  pressure  exerted  by  the  wind  on  an  ordinary  40  ft 
pole,  measuring  7  in.  in  diameter  at  the  top,  and  14  ins.  at  the 
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ground  level,  will  be  approximately  equivalent  to  a  horizontal  force 
of  about  500  lbs.  applied  at  the  top  of  the  pole ;  and  a  difference  of 
6  ft.  in  the  length  of  the  pole  will  make  a  difference  of  about  100  lbs. 
in  the  resultant  pressure. 

The  pressure  per  cross-arm  carrying  10  wires  will  be,  approxi- 
mately, 50O  lbs.  From  such  data,  the  total  horizontal  force  acting 
on  the  top  of  the  pole  can  be  estimated,  and  applied  in  the  formulae. 
It  must  be  understood  that  it  is  unnecessary  to  use  all  the  preceding 
formulae  in  calculating  the  size  of  every  pole,  as,  to  a  great  extent,  the 
judgment  of  the  designer  must  be  exercised.  A  pole-line  with  only 
two  or  three  wires,  or  a  single  cross-arm,  would  need  no  special  pre- 
caution against  crushing.  In  a  large  comer,  or  terminal  pole,  wind 
pressure  is  a  comparatively  small  proportion  of  the  total  bending- 
force,  and  is  amply  provided  for  by  the  factor  of  safety.  In  each 
case  the  controlling  destructive  force  roust  be  provided  for,  allowing 
the  factor  of  safety  to  provide  for  the  others. 

The  sleet  storm,  or  fall  of  damp  snow,  succeeded  by  a  high  wind, 
is  the  worst  enemy  of  the  pole-line.  There  are  cases  on  record  of 
ice  incrustations  on  a  No.  10  wire  accumulating  to  such  an  extent  as 
to  make  a  continuous  cylinder  two  inches  in  diameter.  The  best  prac- 
tice indicates  the  advisability  of  making  the  poles  strong  enough  to 
withstand  all  the  ordinary  attacks  of  the  elements ;  if  then,  under  an 
excessive  snow  load,  some  of  the  circuits  are  ruptured,  the  repair  job 
is  an  easy  one.  A  broken  pole  is  much  more  difficult  to  replace,  and 
in  the  act  of  falling  is  apt  to  drag  with  it  a  long  section  of  line,  thus 
extending  the  dam^e  over  a  large  territory. 

40.  OuyinB.  —  In  the  open  country,  there  is  little  or  no  objection 
to  the  practice  of  re-enforcing  by  means  of  guy-rods  ;  but  in  city  lines 
the  room  occupied  in  a  street  by  the  guys  becomes  exceedingly 
objectionable,  as  in  many  cases  the  direction  of  the  resultant  is  such 
as  to  necessitate  a  guy  situated  in  such  a  manner  as  to  interfere  with 
traffic.  Inasmuch  as  the  method  of  guying  is  by  far  the  cheapest 
expedient,  it  is  still  resorted  to  in  all  cases  where  it  is  possible  for  it 
to  be  successfully  accomplished. 

Various  forms  of  pole-guys  are  indicated  in  Fig.  13,  illustrating 
also  the  objectionable  forms,  such  as  tying  the  top  of  the  pole  by 
means  of  a  guy,  or  in  placing  it  directly  below  the  cross-arms.  The 
effect  of  such  guying  is  to  cause  the  pole  to  bend  directly  beneath 
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the  arms,  and,  ultimately,  to  fail  at  this  point.  Probably  the  most 
valuable  form  of  guy  is  that  known  as  the  "  Y  "  guy,  consisting  in  a 
tension  member  so  arranged  as  to  secure  the  pole  directly  at  the  top 
of,  and  immediately  under,  the  cross-arms.  In  this  way  nearly  all 
the  stress  of  the  line  is  transferred  to  the  guy,  in  such  a  manner  as 
not  to  cause  sensible  deflection  of  the  pole.  When  there  are  more 
than  two  or  three  cross-arms,  "  Y  "  guying  should  always  be  adopted. 
Most  frequently  guys  are  made  either  of  one  or  more  strands  of  No.  8 


Flj.  JS.     MtUmta  of  eu^lag. 

iron  wire,  or  of  i"  to  3"  steel  wire  strand.  The  wire  strand  is  to  be  . 
preferred,  as  it  is  more  flexible,  more  easily  drawn  to  the  proper  ten- 
■sion,  and  adapts  itself  more  readily  to  the  emergencies  of  each  partic- 
ular case.  It  is  also  customary,  in  straight  line  work,  to  frequently 
£uy  the  top  of  each  pole  to  the  base  of  the  next  succeeding  one  for 
several  poles.  By  this  means  the  lateral  vibration  introduced  by 
Tieavy  wind  storms  may,  in  a  great  measure,  be  checked,  and  fre- 
<}uent  instances  are  on  record  wherein  this  method  of  "  head  guying," 
as  it  is  technically  termed,  has  saved  a  line  from  destruction. 
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41.  Anohor  Poles.  —  In  city  lines,  where  an  abrupt  angle  occurs, 
or  where,  for  the  purpose  of  entering  underground  conduits,  it  is  es- 
sential to  terminate  a  large  and  heavy  line,  it  is  necessary  to  provide 


a  pote  of  sufficient  stiffness  to  assume  the  entire  tension  of  all  of 
the  circuits.  The  neatest .  solution  of  the  problem  is  to  design  a  pole 
of  structural  iron  of  sufficient  strength  to  withstand  the  stresses  of 
all  of  the  circuits,  in  such  a  manner  as  to  make  the  pole  entirely  self- 
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sustaining.  In  ordinary  line  practice  it  is  customary  to  stretch  each 
wre  to  a  tension  of  about  150  lbs.,  while  the  messenger  strands  sup- 
porting aerial  cables  usually  have  a  tension  of  about  3,000  lbs.  Thus 
it  will  be  evident  that  in  heavy  lines,  carrying  say  from  four  to  five 
cables,  and  from  80  to  100  wires,  the  line  stresses  are  by  no  means 
insignificant   quantities,  amounting   in  the  above  instance  to  some 


Flg.U.    Dtlall  of  re  t  Lattlf.    5HTA>u3a 

30,000  lbs.  upon  the  top  of  the  pole.  For  lines  of  this  magni- 
tude, the  pole  is  not  less  than  from  50  to  60  ft.  in  height,  and  conse- 
quently the  bendipg-moment  at  the  base  of  the  pole  is  exceedingly 
severe.  There  is  no  difficulty  in  manufacturing  a  structural  iron  or 
steel  pole,  setting  the  same  in  a  heavy  base  of  concrete,  and  thus 
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attaining  the  necessary  strength.  An  illustration  of  such  an  anchor 
pole  will  be  found  in  Fig.  14.  The  only  objection  to  a  structure  of 
this  kind  exists  in  its  initial  expense,  amounting,  in  the  instance 
above  cited,  to  a  cost  of  some  $600.  As  a  compromise  in  the 
matter  of  expense,  the  plan  has  been  adopted  of  constructing  a 
composite  pole,  and  anchoring  the  same  by  means  of  a  guy-rod. 
The  design  for  such  a  pole  is  indicated  in  Fig.  15,  with  the  essential 
details  in  Figs.  16,  17,  18,  19,  and  20.  The  pole  is  made  by  secur- 
ing an  appropriate  wooden  spar,  about  24"  in  diameter  at  the  butt, 
and  not  less  than  from  10"  to  12"  at  the  top,  the  height  of  the  pole 
conforming  to  the  height  of  the  line,  The  pole  is  then  provided 
with  a  frame-work  or  anchor  platform,  as  shown  in  plan  and  eleva- 
tion in  Fig.  15,  by  means  of  which  the  pole  is  solidly  set  into  the 
earth.  In  setting  the  pole,  the  anchor  platform  is  set  in  a  direc- 
tion away  from  the  longitudinal  stress  of  the  line,  in  order  that  the 
pole  may  not  fail  by  overturning,  the  weight  of  earth  resting  upon 
this  platform  being  more  than  equal  to  the  bending-moment  aris- 
ing from  the  line  stress.  The  guy-rod  extends  from  this  platform 
to  the  top  of  the  pole,  so  arranged  as  to  take  through  the  guy-rod 
branches  the  horizontal  components  of  the  line  stress.  The  details 
of  the  guy-rod  and  branches  are  seen  in  Figs.  16  and  18. 

The  top  of  the  pole  consists  of  a  lattice-work  of  angles,  as  shown 
in  Fig.  17,  that  are  fitted  to  the  top  of  the  pole,  three  sizes  having  suf- 
ficient range  to  be  readily  adapted  to  all  ordinary  lines.  The  lattice- 
work consists  of  two  3"  x  7"  steel  angles  latticed  together  to  readily 
fit  on  to  the  top  of  the  spar.  At  appropriate  intervals  light  3"  x  4" 
angles  are  set,  for  the  purpose  of  supporting  the  cross-arms,  The  lat- 
tice-work is  secured  to  the  pole  by  means  of  the  bands  shown  in  Figs. 
19  and  20.  At  the  proper  points  to  balance  the  line  tensions,  guy-rod 
bands  shown  in  Fig.  19  are  placed,  to  which  branch  guy-rods  ex- 
tending to  the  main  guy-rod,  and  thence  to  the  anchor  platform, 
are  attached,  by  means  of  swivel  clevises,  so  that  any  slack  in  the 
guy-rod  may  be  taken  up.  A  slight  consideration  of  this  design 
will  show  that  the  lattice-work  is  amply  suflUcient  to  carry,  with- 
out sensible  deflection,  and  transfer  to  the  two  parts  of  the  guy-rod, 
all  the  horizontal  components  of  the  stresses  introduced  by  the  lines. 
As  a  result,  the  spar  is  entirely  relieved  from  all  bending-moment, 
being  subjected  solely  to  the  vertical  component  of  the  stress  in  the 
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guy-rod.  Tables  Nos.  28  to  34  contain  full  dimensions  of  all  the  sizes 
necessary  for  anchor  poles 
of  this  description,  capable 
of  carrying  from  four  to 
ten  cross-arms,  and  from 
one  to  four  cables.  Blanks 
are  left  for  the  height  of 
the  pole,  length  of  guy- 
rods,  and  size  of  opening 
in  the  top  and  bottom  of 
lattice,  as  these  dimen- 
sions will  vary  with  each 
pole.  The  dimension  let- 
ters in  the  illustration  refer 
to  the  values  to  be  found 
in  the  table.  Anchor 
poles  of  this  description 
have  worked  successfully, 
and  may  be  introduced  at 
about  one-half  the  cost  of 
the  corresponding  struc- 
tural iron  pole. 

The  illustration.  Fig. 
21,  is  from  a  photograph 
of  a  composite  anchor 
pole  of  this  kind,  designed 
for  100  wires  and  4  cables. 
At  the  time  of  the  photo- 
graph 70  wires  were  in 
place,  but  no  cables.  The 
spar  forming  the  pole  was 
a  Norway  pine  stick  70  ft. 
long,  16"  at  the  top,  and 
22"  at  the  ground,  and  set 
10  ft.  below  the  surface. 
The  chief  criticism  to 
Fi,.2i.  ccmpc^u  A^,i^  Foi^  ^e  passcd  is  the  certainty 

of  the  early  rotting  of  the  pole  at  or  near  its  base,  where  the  wood 
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enters  the  ground.  For  this  defect  there  is  no  cure,  excepting  the 
adoption  of  the  structural  iron  pole,  though  a  good  coat  of  tar  or 
asphalt  will  give  the  pole  a  life  of  ten  or  fifteen  years. 

43,  Setting  the  poles.  —  Small  and  light  poles  should  be  set 
some  six  feet  into  the  ground,  and  may  be  planted  by  simply  ex- 
cavating a  hole  a  little  larger  than  the  butt  of  the  pole,  and  then 
placing  the  same  in  position  by  lifting  the  pole  bodily,  with  a 
sufficient  gang  of  men,  and  dropping  it  into  the  hole.  Where  the 
ground  is  soft  or  marshy,  or  where  the  stresses  brought  upon  the 
pole  by  the  tension  of  the  lines  is  excessive,  a  foundation  should 
be  formed  by  excavating  a  hole  of  sufficient  depth,  from  four  to 
six  feet  in  diameter,  and  after  the  pole  is  planted  filling  the  same 
with  a  concrete  of  broken  stone,  sand,  and  cement.  A  good  mix- 
ture for  this  purpose  may  be  made  of  one  part  of  Rosendale  cement, 
mixed  with  three  parts  of  sand,  and  five  parts  of  broken  stone.  The 
ingredients  should  be  thoroughly  mingied,  and  carefully  moistened 
with  about  25  per  cent  of  water,  and  solidly  rammed  around  the  base 
of  the  pole.  After  the  concreting  is  complete,  the  earth  may  be 
replaced  and  thoroughly  tamped  into  position. 

43.  The  "  sand-barrel "  is  often  used  with  success  in  soft  loca- 
tions. A  stout  barrel  or  cask  is  placed  at  the  bottom  of  the  excava- 
tion, into  which  the  butt  of  the  pole  is  set.  A  firm  loam,  clay,  or 
sand,  is  then  packed  tightly  into  the  barrel  around  the  pole,  thus  form- 
ing a  foundation.  In  sandy  soils  the  "temporary  sand-barrel"  is  a 
most  valuable  device.  This  consists  of  an  iron  cylinder  about  the  size 
of  a  very  large  cask,  but  split  in  two  parts,  and  provided  with  hinges 
and  clasps.  The  cylinder  is  set  at  the  bottom  of  the  excavation,  and 
the  pole  planted  inside  of  it,  and  the  earth  carefully  rammed  around, 
completely  filling  the  excavation.  Then,  by  means  of  a  fall,  the  iron 
cylinder  is  withdrawn  from  the  earth,  and,  opening  the  clasps,  is 
removed  from  the  pole.  For  large  poles  it  is  customary  to  cut  the 
ground  away  into  a  series  of  steps.  The  terraces  thus  made  afford 
an  opportunity  to  ease  the  pole  into  its  position  at  the  bottom  of  the 
hole ;  and  then,  with  a  working  wagon  or  derrick  and  sufficient  tackle, 
the  pole  may  gradually  be  raised  to,  and  sustained  in,  an  upright 
position,  while  the  earth  or  concrete  is  tamped  around  its  base. 

44.  Insulators.  —  The  number  and  form  of  line  insulators,  to- 
gether with  the  materials  proposed  for  their  construction,  have  been 
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legion.  In  this  country  glass  is  almost  universally  used  for  telegraph 
and  telephone  work,  and  for  the  latter  the  tendency  has  been  to  make 
the  insulator  as  small  and  light  as  possible.  In  England,  however, 
the  porcelain  insulator  is  the  most  common,  the  difference  in  cli- 
mate fully  accounting  for  the  English  preference.  As  an  insulating 
material,  glass  has  several  disadvantages.  It  is  considerably  more 
hygroscopic  than  porcelain,  readily  condensing  on  its  surface  a  film 
moisture  which  rapidly  lowers  its  insulating  qualities.     It  is  very 


flf.  22.    SpKlmtn  Intulatort. 

brittle,  decidedly  more  so  than  porcelain  or  earthenware.  While 
blown  glass  is  better  in  every  respect  than  that  which  is  cast,  it  is 
so  much  more  expensive  that  molded  insulators  are  almost  univer- 
sally used.  The  great  advantage  of  the  glass  insulator  lies  in  its 
transparency,  which  prevents  the  formation  of  cocoons  under  the 
petticoats  of  the  insulator,  that  have  a  very  marked  effect  in  lowering 
the  resistance  of  lines.  Ebonite  and  india-rubber  have  been  used 
to  quite  an  extent  for  insulators ;  but  as  they  quickly  roughen  by 
exposure  to  the  weather,  and  are  considerably  more  expensive,  their 
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use  has  been  almost  exclusively  confined  to  electric  railway  work. 
Brown  stoneware  forms  an  excellent  substance  for  insulators,  as  it 
is  strong,  cheap,  and  durable,  seldom  cracks,  and  its  color  makes  it 
inconspicuous.  Thoroughly  vitrified  porcelain  is  probably  the  best 
insulator  on  the  whole,  and  is  used  almost  exclusively  in  England 
and  on  the  Continent.  The  surface  resists  the  formation  of  film 
moisture,  and  is  easily  washed  clean  by  rain.  The  more  common 
forms  of  line  insulators  are  represented  in  Fig.  22  (p.  69). 

46.  The  Value  of  Insulators.  —  Many  experiments  have  been 
made  to  determine  the  value  of  poles,  cross-arms,  and  insulators,  to 
maintain  line  insulation.  One  test  made  on  a  telegraph  line  extend- 
ing from  New  York  to  Boston,  gave  a  result  showing  an  insulation 
resistance  of  about  6,000  ohms  per  mile. 

Some  interesting  figures  derived  from  tests  on  cross-arms  alone, 
erected  in  New  York  city,  gave  the  following  data :  — 

All  four  surfaces  wet  with  sponge H.ISO  ohms 

Soaked  one  day,  left  to  dry  one  day,  and  then  wet  2,680  ohms 

Painted  three  years  before  test 6,150  ohms 

Same  washed 9,166  ohms 

Very  dry 11,000  to  330,000  ohms 

Newly  painted 7,214  ohms 

Unpatnted  for  many  years 4,300  ohms 

Same  after  having  been  well  washed 13,653  ohms 

Same  after  having  been  well  dried 80,000  ohms 

Arms  and  pins  together  (wet) 3,686  ohms 

From  the  same  set  of  experiments  the  following  figures  are  de- 
rived for  the  insulating  power  for  dirty  and  soot-covered  glass  and 
pin  insulators.  The  tests  were  made  on  40  insulators,  thus  repre- 
senting a  mile  of  line ;  — 

Dipped  in  water  once 23,220  ohms 

Dipped  in  water  four  times 56,400  ohms 

New  insulators  and  pins  direct  from  supply  dep't.  .       66,600  ohms 

When  the  same  insulators  were  carefully  cleaned,  their  insulating 
power  was  raised  to  about  three  times  the  above  value.  These 
figures  give  in  a  striking  manner  the  loss  in  insulation  by  exposure 
to  smoke  and  dirt. 

Some  more  recent  cvpenments  have  been  made  by  taking  50  of 
each  of  the  typical  forms  of  insulators,  mounting  them  in  the  ordi- 
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nary  way,  and  exposing  them  for  some  months  to  the  action  of  the 
weather,  the  leakage  over  the  insulators  being  carefully  determined 
by  the  best -known  electrical  instruments,  while  a  constant  meteoro- 
If^cal  record  was  kept  of  the  variations  in  atmospheric  conditions. 
These  experiments  covered  a  period  of  nearly  150  days,  observations 
being  made  at  least  once  a  day  during  the  time.  About  half  of  the 
observations  were  made  in  clear  weather,  one-fifth  in  fair  weather, 
18  Ji  in  cloudy  weather,  and  12^  in  foggy  or  rainy  weather.  The 
general  results  indicate  that  the  greatest  losses  in  insulation  occurred 
during  fi^gy  or  misty  weather,  when  the  insulators  became  coated 
with  a  thick  beady  film  of  moisture.  During  a  heavy  rain  the  in- 
sulation was  somewhat  higher ;  and  after  a  storm,  when  sufficient  time 
had  elapsed  for  the  drying  of  the  insulator,  the  resistance  of  the  line 
was  considerably  improved,  owing  to  the  cleaner  condition  of  the 
insulating  surface.  The  open  double  petticoat  insulator  was  found 
to  dry  more  rapidly  than  the  close  single  petticoat ;  but  during  actual 
rainfall  the  loss  in  insulation  of  the  double  petticoat  form  is  greater 
and  more  rapid  than  that  of  the  single.  In  fine  weather  the  large 
sizes  of  each  form  indicate  parallel  results,  though  the  double  petti- 
coat form  gave  a  much  higher  resistance  than  the  single  form  of 
corresponding  size.  The  true  value  of  any  form  of  insulator  can 
only  be  properly  computed  when  a  consideration  of  the  actual  size 
of  the  insulating-bell  has  been  eliminated,  and  attention  concentrated 
entirely  upon  the  possible  cross-section  of  conducting  material  in 
the  shape  of  moisture  or  dirt  which  may  be  deposited  upon  the 
exterior  of  the  bell.  To  determine  this,  it  is  necessary  to  ascertain 
the  mean  circumference  of  the  insulating  material,  divided  by  the 
conducting  length  between  the  point  at  which  the  wire  is  secured 
and  the  point  of  attachment  of  the  insulator  to  the  cross-arm.  From 
this,  the  possible  amount  of  conducting  film  may  be  determined  by 
multiplying  the  mean  circumference  by  the  distance  over  the  insulat- 
ing surface,  and  evidently  a  form  giving  the  greatest  length  in  propor- 
tion to  the  mean  circumference  will  have  the  highest  insulating  powers. 
46.  It  is  necessary  to  have  the  insulators  closely  and  accurately 
fitted  to  the  pins,  and  to  plan  the  point  of  attachment  of  the  wire 
as  low  down  as  possible,  in  order  to  give  the  smallest  leverage  upon 
the  pin.  With  the  growth  of  the  transmission  line  the  pin  question 
has  become  of  much  importance.     Mr.  R.  D.   Mershon  recently 
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proposed  the  following  mechanical  specifications,*  which  probably 
represent  good  engineering  opinion  as  to  dimensions  of  wooden  pins : 

Threaded  End. — It  is  proposed  to  make  the  diameter  of  the 
small  end  of  the  pin  1  inch ;  the  length  of  the  threaded  portion 
2^  inches ;  and  the  diameter  at  the  lower  end  of  the  threaded  por- 
tion 1.25  inched,  so  that  the  threaded  portion  will  taper  from  1.S6 
inches  to  1  inch  in  a  length  of  2J  inches.  The  threaded  portion  of 
the  insulator  should  have  the  same  dimensions  and  taper  as  that 
of  the  pin. 

Shoulder.— \'i  is  proposed  to  make  the  shoulder  -^  inch  on 
all  pins.  That  is,  the  diameter  of  the  pin  just  above  the  cross- 
arm  will  be  I  inch  greater  than  the  nominal  diameter  of  that  por- 
tion of  the  pin  in  the  cross-arm ;  it  is  proposed  to  carry  this  diame- 
ter i  inch  above  the  cross-arm  before  tapering  the  pin. 

Dimensions  in  Cross-Arm.- — It  is  proposed  to  make  the  diameter 
of  that  portion  of  the  pin  in  tlie  cross-arm,  just  below  the  shoulder, 
^  inch  less  than  the  diameter  of  the  hole  in  the  cross-arm,  and 
at  the  lower  end  of  the  pin  ^-^  less  than  the  diameter  of  the  hole 
in  the  cross-arm.  It  is  proposed,  also,  to  designate  this  portion  of 
the  pin  as  having  a  nominal  diameter  equal  to  that  of  the  hole  in 
the  cross-arm  into  which  the  pin  fits.  Therefore,  that  portion  of  a 
pin  which  is  to  fit  a  l^-inch  hole  in  a  cross-arm  will  have  a  nomi- 
nal diameter  of  1^  inches,  but  will  have  an  actual  diameter  just  below 
the  shoulder  of  1^|  inches,  and  at  the  lower  end  of  the  pin  of 
Ij'^  inches. 

Thread. — It  is  proposed  to  use  on  all  pins  a  thread  having  a 
pitch  of  i  inch,  or  four  threads  to  the  inch. 

Designation. — It  is  proposed  to  designate  that  portion  of  the  pin 
above  the  cross-arm  as  the  "stem"  of  the  pin  ;  that  portion  in 
the  cross-arm  as  the  "shank  "  of  the  pin.  It  is  proposed  to  desig- 
nate a  pin  by  the  length  of  its  stem,  i.e.,  a  pin  whose  stem  is  5 
inches  long  will  be  designated  as  a  "6  "-inch  pin,  one  6'inches 
long  as  a  "6  "-inch  pin,  etc. 

47.  Dimensions  of  Standard  Pins. — The  following  diagram 
(Fig.  23)  and  table  give  a  number  of  sizes  of  pins,  and  their  dimen- 
sions, which  it  is  proposed  to  make  standard.     The  diameter  of  the 

*  Tniu.  A.  M.  Init  E.  E.,  vtO.  nc,  p.  410. 
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shank  has  in  each  case  been  fixed  by  making  it  approximately 
equal  to  (slightly  larger  than)  the  diameter  of  the  theoretical  pin 
corresponding  to  the  length  of.  the  stem  of  the  pin  in  question. 
The  headings  of  the  columns  of  the  table  refer  to  the  lettering  of 
diagram,  which  is  a  full-size  unthreaded  5-inch  (proposed  standard) 
pin. 
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48.  To  property  insulate  a  modem  transmission  line  where  cables 
may  ^gregate  many  hundreds  of  thousands  of  circular  mils,  carry- 
ing a  potential  of  from  50,000  to  80,000  volts,  taxes  to  the  utmost  all 
the  resources  of  both  electrical  and  mechanical  engineering.  From 
a  mechanical  standpoint  the  stresses  both  vertical  and  horizontal  that 
the  heavy  wire  or  stranded  cable  necessary  to  a  line  transmitting 
hundreds  or  perhaps  thousands  of  horse-power,  are  of  no  mean  order, 
particularly  when  complicated  with  wind  and  snow  loads,  whose  effect 
it  is  'exceedingly  difficult  to  calculate.  All  materials  which  have  suffi- 
cient electrical  resistance  to  be  used  In  buildii^  insulators  are  mecbani- 
cally  weak  and  brittle,  so  that  the  engineer  must  not  only  deal  with 
stresses  of  m^nitude  and  of  indeterminate  amount,  but  is  compelled 
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fla.  24.    Te.OOO-Volt  Innlator, 

Data  for  Fics.  34. 

Height 6  incho 

Diameter T      " 

Top  groove. |  inch 

Weight Sipoundi 


fit-  2B.     DmiUt  FttUeoat,  100,000  VtU  limlator. 

Data  for  Fio.  SB. 

Height 12  inchd 

Diameter 9     " 

Top  groove 1^  " 

Weight 1S.5  pound* 

Tettprettnre 100,000  voltt 
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to  use  almost  the  worst  possible  material  in  an  attempt  to  resist  them. 
Nor  is  the  problem  an  easy  one  from  the  electrical  aspect.    Lines 


fUt.  as.     %»fiO0  VoK  li 

Data  poft  Fio.  26. 

Height IS^  inches 

Diameter 10       '• 

Top  groove,  i 1  inch 

Weight 16  pounds 

TertTOltige 130,000 

Wlute  or  cbocoUte  color.     Article  is  thi«e  times  length  >nd  width  of  illustnUon. 

are  actually  working  at  40,000  to  60,000  volts  normal  pressure,  super- 
imposed upon  which  is  the  possible  exaltation  of  potential  due  to  har* 
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monies  produced  by  the  properties  of  the  line,  or  of  the  translating 
devices  with  which  it  may  be  loaded,  or  initiated  by  the  sudden  open- 
ing or  closing  of  switches,  an  accidental  short  circuit,  or  other  con- 
tingency. For  heavy  work  glass  and  porcelain  are  the  only  materials 
now  in  current  use,  and  opinion  is  divided  as  to  which  of  the  two  is 
preferable.     In  a  general  way  porcelain  is  admitted  to  be  the  best, 


rig.  17.   strain  InaMar.    Fer  Carmrt. 

provided  it  is  good,  but  it  is  equally  conceded  that  it  is  comparatively 
much  more  difficult  to  secure  a  good  porcelain  insulator  than  to  get  a 
good  glass  one.  So,  while  it  is  intrinsically  the  better  material,  manu- 
facturing difficulties  are  bringing  glass  more  and  more  into  use.  Much 
ingenuity  has  been  expended  in  the  design  of  insulators  for  large  trans- 
mission lines.  Figs.  24,  25  and  26  show  types  that  have  been  widely 
used,  particularly  with  high  voltages.  Essentially  insulators  consist  of 
three  parts:  an  umbrella,  an  inner  core  that  forms  a  petticoat,  and 
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a  pin-shield.  The  umbrella  carries  the  line  wire,  which  is  held  in  a 
groove  on  the  top  and  tied  thereto  in  the  usual  manner.  The  um- 
brella is  often  provided  with  a  rim  surrounding  its  edge,  called  an 
"eave,"  as  in  Fig.  27,  which  serves  to  collect  all  the  water  which 
may  collect  on  the  insulator,  and  prevents  it  from  either  following  the 
under  side  of  the  umbrella  or  being  blown  against  the  petticoat  or 
iwn-shield.  A  spout  shown  conveys  away  the  drainage  in  any  pre- 
determined direction.  Th^  model  of  Fig.  25  is  designed  for  60,000 
volts,  while  that  in  Fig.  26  is  for  80,000  volts. 

The  designs  of  Figs.  25,  26,  and  27  are  built  of  porcelain.     In 
Fig.  28  a  combination  insulator  is  shown  which  can  be  made  of  all 


fiq.  at,    OloM  PtOiKot  ImuIatBt. 

porcelain,  all  glass,  or  either  the  petticoat  or  the  umbrella  can  be 
made  of  glass  or  porcelain,  and  combined  as  may  be  desired. 

Figs.  29  and  30  are  illustrations  of  somewhat  similar  designs, 
but  smaller  in  size  and  lighter,  and  intended  to  work  at  from  30,000 
to  80,000  volts. 

In  view  of  the  imperfections  to  which  porcelain  is  liable,  and  to 
prevent  excessive  losses  in  burning,  which  are  often  occasioned  by 
difTerences  in  thickness  between  the  body  of  an  insulator  and  the 
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thin  edges  of  the  petticoat,  the  artifice  of  making  an  insulator  in 
sections,  as  shown  in  Fig.  31,  is  often  adopted.  As  indicated,  the 
insulators  consist  of  three  independent  concentric  bells  designed  to 
fit  one  on  top  of  the  other.  Each  bell  is  moulded  and  burned 
separately,  and  then  tested,  imperfect  ones  rejected;  subsequently 
the  three  bells  are  coated  with  a  fusible  glaze  and  fired  a  second 
time,  thus  uniting  all  three  into  a  single  insulator.  This  illustra- 
tion also  shows  a  form  of  pin  which  is  particularly  desirable 
for  transmission  lines.  The  pin  consists  of  a  steel  bolt  from  J"  to 
}"  in  diameter,  depending  upon  size  of  wire  which  it  is  to  support. 
Upon  the  top  of  the  bolt  a  porcelain  base  is  mounted,  and  above 


Fig.  20.    80,000  ¥M  litlllatar. 

that  a  locust  or  oak  block,  upon  which  the  proper  screw-thread  is 
formed  for  supporting  the  insulator.  Evidently  this  pin  may  be 
made  of  any  desired  strength  and  yet  necessitate  but  a  relatively  small 
hole  in  the  cross-arm.  The  porcelain  base  provides  an  insulating  in- 
combustible and  indestructible  base,  while  the  wooden  thread  secures 
sufllicient  elasticity  to  enable  the  pin  to  fit  the  thread  of  the  insula- 
tor without  being  so  rigid  as  to  injure  the  vitreous  material. 

The  type  of  glass  insulator  shown  in  Fig.  32  is  a  favorite  with 
the  electrical  railway  transmission  lines,  and  is  used  extensively  in 
Ohio  and  Indiana  on  the  Interurbans.  The  line  is  bare  copper  from 
No.  4  to  00,  depending  on  the  power  to  be  transmitted,  and  is  tied 
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in  a  groove  in  the  top  of  the  insulator.     Insulators  of  this  kind  are 
excellent  for  from  15,000  to  20,000  volts. 


F\a.  aa.    49.000  VM  iBtalatar.    IHatara  T^ft, 

Data  for  Fig.  80. 

Height 7i  inchet 

Diameter 7i      " 

Top  groove 1  inch 

Weight 8  pounds 

Test  voltage 70,000 

While  or  chocolate  colur. 


Much  difference  of  opinion  has  existed  as  to  the  desirability  of  a 
multiplicity  of  petticoats.  On  one  side  several  petticoats  are  claimed 
to  give  a  longer  surface  over  which  leakage  must  take  place.  To 
olTset  this  there  is  a  greater  surface  for  the  collection  of  moisture  and 
dust,  shorter  air  space,  and  greater  manufacturing  difficulties.  Latest 
designs  incline  to  a  large  umbrella  and  very  long  pin  shield,  as  b 
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Fig.  31.    SttHanal  InuMer  and  Pla. 

Data  for  Fio,  81 
Height Hi  inches 

Weight 160  pounds 

Test  pressure 160.000  volts 


Fig.  32     20,000  Van  Sallaag  Traittmlitlnii  Un  It 
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fJl,  aa.    Umiflla  ami  Pin  Shltli 
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illustrated  in  Fig.  33  and  Plate  I,  in  which  relative  sizes  are  shown 

by  the  insertion  of  an  ordinary  telegraph  insulator. 

The  curves  of  Table  No.  35  (in  Pocket)  are  interest- 
ing, as  indicating  the 
amount  of  leakage  in 
watts  as  experimentally  de- 
termined over  various  kinds 
of  insulators.  These  curves 
are  also  instructive,  as  dem- 
onstrating that  the  mate- 
rial of  which  the  insulator 
is  constructed  is  of  far  less 


F/f.  B4,    A  HMirn  TrantmltilM  Um. 


Fig.  SS.    Un-WIra  Ttt. 


importance  than  the  shape  into  which  the  material  is  formed. 
Relatively  to  telegraph  and  telephone  construction,  trans- 
mission lines  carry  very  few  wires;  but  as  these  are  apt  to  be  ot 
large  size,  the  line  stresses  may  be  increased,  while  those  on  the 
individual  insulator  and  pin  are  largely  augmented,  requiring  double 
arming  at  all  corners,  and  often  in  straight -line  work.  Fig.  34  is  a 
typical  example  of  the  modern  transmission  line. 

49.  Tying  and  "  Dead-Ending." — To  secure  the  line-wire  to  the 
insulator  would  seem  a  simple  matter;  yet  to  devise  a  tie  that  is  secure, 
simple,  economical,  and  effective  has  taxed  the  ingenuity  of  line  men. 
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The  standard  method  now  in  use  is  shown  in  Fig.  35.  The  line-wire 
is  laid  in  the  groove  of  the  insulator,  and  a  soft  copper  wire  from  8  in. 
to  24  in.  in  length,  and  from  No.  12  to  No.  6,  depending  on  the  size 
of  the  line  wire,  is  placed  in  and  around  the  insulator  groove,  in  such 
a  manner  that  one  end  of  the  tie-wire  shall  pass  irnvn  over  the 
line  wire,  and  the  other  end  up  over  it,  as  indicated  in  Fig.  35. 
The  fastening  is  then  completed  by  wrapping  the  tie-wire  continuously 
around  the  line-wire.  Much  practice  is  needed  to  make  this  tie 
in  the  neatest  and  securest  manner,  without  injury  to  the  surface 
of  the  hard-drawn  copper  of  the  line.  The  strength  of  the  insu- 
lator tie  is  usually  supposed  to  be,  when  well  made,  about  one-fourth 
to  one-third  of  the  line-wire.  When  a  wire  terminates,  it  must  be 
"dead-ended,"  in  order  to  secure  it  from  falling,  and  transfer  the 
tension  of  the  wire  to  the  pole.  This  is  accomplished  as  shown 
in  Fig.  36.  The  line-wire  is  carried  entirely 
around  the  groove  of  the  insulator,  and  either 
wrapped  about  itself,  or  fastened  with  a 
Mclntire  joint.  In  order  to  give  service  at 
any  point  on  a  line,  the  necessary  circuit  must 
be  carried  into  the  premises  of  the  customer. 
To  effect  this  the  line  is  usually  dead-ended 
on  the  nearest  pole,  and  a  loop  carried  to  the 
building    to    be   served.      For  this   purpose 


m 
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brackets  are  necessary ;  the  best  forms  for  the  ''*  "■ 
multitude  of  cases  that  may  arise  in  practice  being  indicated  in 
Fig.  37,  while  in  Fig.  38  the  bracket  in  place  is  illustrated.  For  a 
grounded  hne,  a  single  pin-bracket  is  sufficient,  for  only  one  wire  is 
carried  off  of  the  pole.  For  a  metallic  circuit,  or  for  a  loop  in  a 
series  circuit,  a  double  pin-bracket  is  required.  A  favorite  form, 
with  the  method  of  application,  is  sufficiently  clearly  illustrated  in 
Fig.  38  to  need  no  additional  explanation.  Other  forms  of  double 
brackets  are  seen  in  Fig.  37. 

60.  Stringing  Wires.  —  After  the  poles  and  insulators  are  set, 
the  erection  of  the  wire  is  to  be  undertaken.  When  there  are  a  very 
few  circuits,  it  is  common  to  mount  one  or  more  reels  containing 
the  necessary  wire  upon  a  cart,  and  then  to  drive  the  cart  slowly 
along,  hoisting  the  wire  up  to  its  appropriate  place  as  fast  as  the  cart 
passes  each  pole.  If  a  heavy  line  is  in  process  of  construction,  the 
work  can    be  greatly  expedited   by  the  use  of   what   is  termed  a 
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"  running-board."     A  number  of  reels  of  wire,  usually  ten  or  more, 
are  mounted  upon  spindles,  and  a  piece  of  wood,  practically  the  same 


ii 


1 


as  a  cross-arm,  is  arranged,  to  which  ten  or  more  wires,  are  attached. 
Horses  are  then  harnessed  to  the  cross^iece,  as  the  running-board 


Fig,  38.    A  "  lotp. " 

is  termed,  and  as  they  "walk  away,"  dragging  the  running-board 
after  them,  the  wires  are  paid  out  from  the  reels,  and,  passing  over 
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the  appropriate  cross-arm,  may  be  immediately  secured  to  the 
insulators  by  linemen  stationed  for  the  purpose.  After  the  wire 
upon  all  the  reels  has  been  run  out,  each  wire  is  pulled  up  to  its 


rif,  n.    A  "CointMUMg." 


fig.  to.    Jilt  OoHH-Alims  In  Stnlci. 


appropriate  tension  by  means  of  a  dynamometer,  and  a  small  portable 
vise,  technically  termed  a  "come-along,"  as  iUustrated  in  Figs.  39 
and  40. 
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81.  Wire  Joints.  —  A  legion  of  methods  have  been  pressed 
for  making  splices  in  wire ;  but  for  all-round  work,  where  slight 
inequalities  in  the  line  are  not  detijnental,  the  famous  Western 
Union  splice,  illustrated  in  Fig.  41,  has  stood  the  test  of  many  years' 
experience,  and  perhaps  can  hardly  be  excelled.  For  heavy  circuits, 
such  as  electric  railway  feeds,  the  splices  should  be  thoroughly 
^___  soldered  when  made,  and 


protected  additionally  by 
three  layers  of  okonite 
tape  thoroughly  saturated 
with  B.  &  P.  paint.  Line 
splices  should  not  be  made 
with  soldering  acid,  but 
resin  used  as  a  flux,  in 
order  to  guard  against  the 
possibility  of  future  corro- 
sion. In  trolley  wires,  or 
other  circuits  in  which  the  preservation  of  continuity  is  essential, 
without  any  enlargement  of  the  wire,  splicing  is  most  success- 
fully made  by  means  of  the  tubular  connector,  into  which  the 
abutting  ends  of  the  successive  coils  may  be  slipped  and  brazed. 
This  connector  is  indicated  in  Fig.  42.  For  telephone  lines  of  hard- 
drawn  copper,  the  Mclntire  splice,  as  illustrated  in  Fig.  43,  is  a 
favorite.  This  device  forms  a  perfect  connector ;  is  as  enduring  as 
the  wire  itself ;  is  made  without  the  use  of  soldering,  impervious  to 


Fig.  42.     TnHlty  H 

moisture,  and  is  equally  strong  as  a  hard-soldered  joint.     It  moreover 
retains  the  inestimable  advantage,  especially  In  the  use -of  hard-drawn 
metal,  of  retaining  in  the  splice  the  full  strength  of  the  wire.     As 
there  is  no  soldering,  the  joint  can  be  made  with  fewer  tools,  in  less  ■ 
time,  and  does  not  anneal  the  wire. 

63.  The  Mclntire  Splice  consists  of  two  tubes  drawn  side  by 
side  from  one  piece  of  copper,  the  interior  diameter  corresponding  to 
the  external  diameter  of  the  wires  to  be  joined.  The  junction  is 
effected  by  slipping  the  wires  inside  the  two  tubes  and  then  twisting 
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the  tubes  <sa  each  other,  thus  by  friction  iinnly  binding  the  two  wires 
tether.  In  Fig.  43,  various  sizes,  kinds,  and  applications  of  the 
Mclntire  joint  are  represented,  with  the  special  tools  necessary  to 
the  completion  of  the  joint.  Nos.  1,  4,  and  6  are  completed  joints. 
Nos.  2,  3,  5,  7,  10,  12,  18,  14,  15,  16,  19,  20,  and  21  are  various 
sized  connectors  fitting  wire  from  No.  16  to  No.  0.     Nos.  17  and  18 

are  connectors  used    for    _  1^*  _ 

joining  two  wires  of  dif-  ^^^^^^^^^^^^^^^^^^^^^^^^^* 
ferent  size.  No.  8  indi- 
cates two  wires  thus 
united.  No.  11  shows 
the  Mclntire  joint  used 
to  take  a  branch  from  a 
circuit;  22,  23,  and  24 
are  the  styles  of  pliers 
employed  to  complete 
the  splices. 

63.  Strength  of 
Joints.  —  The  strength 
of  wire  joints  becomes 
an  exceedingly  important 
item  in  line  construction, 
when  it  is  considered 
that  the  weights  of  sleet 
and  snow,  with  which 
aerial  construction  is  fre- 
quently loaded  in  the 
winter  time,  introduces 
stresses  that  are  danger- 
ously near  the  elastic 
limit  of  the  material.  A  series  of  experiments  made  by  the 
Roeblings  on  copper  wire  having  a  strength  of  520  lbs.,  indicate 
the  following  characteristics  for  the  different  forms  of  making  wire 
SfJices :  — 

Wotem  nnion  Joint,  soldered,  average  of  ten  samples,  431  lbs.     83^  of 

breaking  strength  of  wire. 
Tbe  Mclntire  Joint,  average  of  nine  samples,  not  soldered,  843  lbs.     66j(  of 

breaking  strength  of  wire. 


,y  Google 


88  TUB  ELECTRICAL    TRANSMtSSIOif  OF  ENERGY. 

WMUm  Union  Joint,  average  of  eleven  samples,  not  soldered,  279  lbs.    63^ 

of  breaking  strength  of  wire. 
Wertem  Union  Joint,  dipped  and  soldered  with  acid  flux,  336  lbs.     eSjS  of 

breaking  strength  of  wire. 
Western  Union  Joint,  dipped  and  soldered  with  resin  flux,  average  of  ten 

samples,  339  lbs.     66^  of  breaking  strength  of  wire. 
Weatem  Union  Joint,  soldered  with  iron  and  add  flux,  average  samples,  490 

lbs.     94^  of  breaking  strength  of  wire. 
Weateni  Union  Joint,  soldered  with   poured  solder,  resin  flux,  average  of  ten 

samples,  443  lbs.     85jfe  of  breaking  strength  of  wire. 
Western  Union  Joints,  soldered  with  poured  tallow  flux,  average  of  five  sam- 
ples, 477  !bs.     91  jt  of  breaking  strength  of  wire. 
Britannia  Joint,  two  inches  solder,  average  of  ten  samples,  4S8  lbs.     94^  of 

breaking  strength  of  wire. 

64.  The  Suspension  of  Aerial  Cables.  —  Very  few  of  the  cables 
that  are  used  for  aerial  conductors  have  sufficient  mechanical  strength 
to  be  self-supporting  over  the 
ordinary  spans  adopted  in  pole- 
line  construction,  and  it  is  ne- 
cessary to  arrange  some  means 
whereby  the  cable  may  be  sup- 
ported at  frequent  intervals, 
thus  relieving  it  of  any  tension. 
To  this  end  it  is  customary  to 
run  a  suspending  strand,  usu- 
F\^  44.   A*ri>i  OaNt  ft.*p»ur<»..  ally  composed  of  i"  steel  wire 

rope,  between  the  poles,  and 
hang  thereto  the  cable.  Methods  for  supporting  the  cables  are  indi- 
cated in  Figs.  44  and  45,  from  which  it  will  be  seen  that  the  cable  is 
sustained  by  a  clip,  usually  made  of  zinc,  in  order  to  obviate  corrosion. 
This  clip  is  passed  around  the  cable,  and  sometimes  secured  to  a 
hook,  which  is  then  attached  to  the  strand  of  "  messenger  wire,"  as  the 
supporting  rope  is  technically  called.  In  other  cases,  the  clip  itself 
forms  a  double  hook,  one  part  of  which  is  devoted  to  supporting  the 
cable,  while  the  other  is  thrown  over  the  messenger  wire.  The  latter 
expedient  is  more  simple,  but  not  as  satisfactory  as  the  one  first 
alluded  to.  It  is  usual  to  place  the  supporting-hooks  on  the  cable  at 
a  distance  of  not  less  than  18"  to  24"  centers  ;  as  when  longer  spans 
are  attempted,  it  is  found  that  the  lead  sheath  of  the  cable  fails  under 
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the  tension  and  vibration  to  which  the  line  is  exposed,  and,  sooner  or 
later,  will  admit  moisture.  Cable  for  messenger  wire  should  be  a 
good  grade  of  stranded  rope,  which  is  as,  flexible  as  possible.  The 
pole  attachment  is  made  by  bolting  to  the  pole  a  piece  of  angle  iron, 
which  forms  the  cable  cross-arm.  The  messenger  wire  is  attached 
to  the  cross-arm  by  means  of  a  hook,  or  even  more  simply,  passed 
directly  through  holes  drilled  in  the  cross-arm,  and  slotted  out  in 
such  a  manner  as  to  prevent  the  messenger  wire  escaping. 

Between  successive  poles  the  messenger  wire  should  be  drawn 
up  tautly,  in  order  that,  when  loaded  with  the  cable,  it  may  not 
present  too  great  a  deflection. 

66.  The  Humming  of  Wires.  —  Con- 
siderable complaint  has  arisen  from  the 
loud  humming  sound  that  is  occasionally 
produced  by  aerial  lines,  upon  which  the 
wind  acts  after  the  fashion  of  a  gigantic 
jEolian  harp.  Difficulty  from  this  source 
is  more  frequently  experienced  upon  lines 
which  are  carried  over  housetops,  for  the 
roofs  of  buildings  form  a  sounding-board 
that  is  capable  of  transmitting  the  sonor- 
ous vibrations  throughout  the  entire  struc- 
ture. Much  ingenuity  has  been  expended 
in  endeavoring  to  combat  this  difficulty  with,  caw^j/oo* 

it  is  to  be  regretted,  rather  poor  success. 

The  endeavors  have  been  always  in  the  direction  of  introducing  some- 
thing between  the  line  and  the  insulator  which  would  either  absorb 
and  annihilate  the  vibrations,  or  prevent  them  from  being  transmitted 
from  the  insulator  and  pole  to  the  building.  One  device  consists  in 
terminating  the  line  wire  a  short  distance  on  either  side  of  the  insu- 
lator, and  introducing  between  the  insulator  and  each  side  of  the 
line  a  spring  having  a  sufficient  stiffness  to  withstand  the  tension  of 
the  line,  while,  on  the  other  hand,  possessing  sufficient  elasticity 
to  absorb  and  destroy  the  vibrations  produced  by  the  wind.  This 
device  is  exceedingly  expensive,  not  very  successful,  and  introduces 
uadesirable  complications  in  the  4ine. 

Another  attempt  consists  in  lining  the  interior  of  the  insulator 
with  india-rubber,  cork,  or  a  similar  substance,  placing  it  between 
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the  pin  and  the  insulator.  The  elasticity  of  the  india-rubber  is 
supposed  to  be  sufficient  to  take  out  the  vibrations  from  the  os- 
cillating wire,  and  preveaC  them  from  being  transmitted  to  the 
pole.  Unfortunately,  any  substance  of  sufficient  elasticity  to  act 
in  this  manner  is  hardly  strong  enough  to  withstand  the  severe 
stresses  brought  upon  the  insulator  by  the  line ;  and,  sooner  or 
later,  the  insulator  becomes  loos& 

Another  method,  indicated  in  Fig.  46,  consists  in  enveloping  the 
wire  near  the  insulator  with  a  piece  of  india-rubber  tubing  some 
eight  inches  in  length,  which  is  covered  with  a  piece  of  sheet  lead. 
The  enveloped  wire  is  then  secured  to  the  insulator,  as  indicated,  by 
means  of  a  second  piece  of  wire,  acting  as  a  tie,  which  is  similarly 
enveloped  in  india-rubber  and  lead.  This  device  forms  a  cushion, 
which  is  fairly  successful  in  ab- 
sorbing vibrations,  and  allows  the 
insulator  and  cross-arm  to  retain 
their  original  strength,  and  is, 
withal,  exceedingly  economical 
and  speedy  of  application. 

66.    The  traospOBltion  of  Tel- 
fill  JJI  ephone  Linea — Where  aerial  tel- 
^^^^0  ephone  lines  are  of  considerable 
Fiq. «.  tntiJiammtr.  cxtent,  and  especially  where  upon 
the  same  pole-line  other  circuits 
are  carried,  it  becomes  essential  to  provide  some  means  of  eliminating 
the  inductive  disturbances  that  are  initiated  in  the  telephonic  circuit. 
To  accomplish  this,  the  practice  has  been  introduced  of   changing 
the  position  of  each  telephone  circuit,  with  reference  to  all  the  other 
circuits,  some  five  or  six  times  in  each  mile.     This  is  readily  done  by 
arranging  the  telephone  circuits  and  the  other  circuits  in  such  a  man- 
ner that  the  circuits  occupy  respectively  the  four  corners  of  a  square. 
Supposing  the  comers  of  the  square  to  be  numbered  from  the  upper 
left  hand  comer  in  a  clock-wise  direction,  the  telephone  wires  to  oc- 
cupy 2  and  4  and  the  other  circuits  1  and  3,  it  is  obvious  that  each  half 
of  each  telephone  circuit  is  contrarily  affected  by  any  induction  from 
the  corresponding  halves  of  the  other  circuits.     By  frequently  re- 
versing the  positions,  so  that  in  successive  intervals  the  telephone 
circuits  occupy  the  positions  1  and  S  and  the  other  circuits  2  and  4, 
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while  in  succeeding  intervals  the  telephone  circuits  occupy  positions 
2  and  4  and  the  other  circuits  1  and  3,  the  inductive  disturbances 
are  annulled  by  reason  of  the  transposition  thus  introduced  The 
general  arrangement  of  such  a  line  is  indicated  in  Fig.  47  ;  the 
upper  half  of  the  illustration  indicating  the  general  appearance  of 
the  pole-line,  while  the  lower  half  of  the  figure  shows  the  placing 
of  the  circuits  at  the  relative  poles  where  the  transpositions  are 
effected.  This  method  has  been  found  to  be  an  almost  complete 
cure  for  inductive  troubles,  and  is  universally  adopted  upon  all 
telephone  lines  of  magnitude.  Its  use,  however,  renders  the  loca- 
tion of  Une  troubles  a  little  more  difficult ;  but,  after  a  short  expe- 


1.      I      .2  4,      I      .1  3.     I      .4  g.      I      .3 
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rience,  the  linemen  become  so  expert  in  the  detection  of  trouble 
as  to  render  this  difficulty  of  little  magnitude.  In  order,  however, 
to  locate  a  particular  line,  it  becomes  necessary  to  make  the  trans- 
position according  to  some  preconcerted  system,  which  must  be 
regularly  carried  out,  or  else  to  mark  each  wire  at  each  successive 
pole.  If  transposition  occurs  at  every  fourth  pole,  there  would  be 
practically  ten  transpositions  in  a  mile,  and  consequently,  by  num- 
bering poles,  it  is  easy  to  trace  any  particular  line. 

The  transpositions  are  readily  effected  by  dead-ending  the  wire 
at  each  insulator  at  which  a  change  is  to  occur,  with  a  Mclntire 
joint,  and  then  splicing  across  to  the  other  side  of  the  cross-arm. 
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Some  common  methods  are  shown  in  Fig.  48,  the  illustration  being 
more  ludd  than  any  description. 


FI3.  40.    TraiupoillloH  Jalalt. 

By  the  preceding  plan  each  wire  makes  a  complete  twist 
around  all  the  others,  but  when  there  are  many  cross-arms,  each 
carrying  many  pins,  this  produces  too  much  confusion  of  cir- 
cuits, though  it  is  by  far  the  best  preventive  of  inductive  disturb- 
ance. Under  ordinary  circumstances  quiet  lines  may  be  secured  by 
transposing  on  each  cross-arm  the  circuits  in  one  plane.  Fig.  49 
shows  the  method  of  transposing  when  ten-pin  cross-arms  arc 
used. 

To  locate  transposition  poles  proceed  as  follows:  Measure  a 
distance  of  1,300  feet  from  the  first  open-wire  pole,  and  mark  the 
pole  nearest  the  point  so  located  as  "A."  Measure  a  second  dis- 
tance of  1,300  feet  from  the  first  1,300-ft.  pole;  mark  the  nearest  pole 
"B,"  Proceed  in  the  same  manner  to  measure  off  poles  at  inter- 
vals of  1,300  feet  for  the  entire  length  of  line.  Poles  so  marked 
are  designated  respectively  "A,"  "B,"  "C,"  etc.,  in  the  dia- 
grams, and  are  the  poles  upon  which  the  wires  shall  be  transposed, 
as  shown  by  Figs.  49,  50,  and  51.  The  diagram  of  Fig,  50  indi- 
cates the  method  of  making  transpositions  on  a  twelve-wire  line 
consisting  of  two  six-pin  cross-arms.  Diagram  in  Fig.  51  indicates 
another  method  of  arranging  transposition  on  a  four-arm  forty-wire 
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line.     These  diagrams  may  be  extended  to  any  number  of  six-jrin 
or  ten-pin  ann  lines. 


11 


si 


^11 
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The  modern  method  of  making  transpositions  is  shown  in  Fig. 
52.     To  make  this  transposition  cut  the  wires  "A"  and  "C"  of  such 
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a  length  as  to  enable  them  to  be  dead-ended  on  their  insulators, 
slip  over  each  wire  a  Mclntire  sleeve,  and  run  it  back  about  2  feet ; 
carry  each  wire  to  its  insulator  and  dead-end  it  with  a  half-sleeve. 


Cut  the  wires  "  B  "  and  "  D  "  about  j  feet  longer  than  is  necessary 
to  reach  their  insulators,  carry  each  to  its  insulator,  turn  it  around 
the  insulator,  and  dead-end  it  with  a  half-McIntire  ;  then  carry  the 
slack  over  to  the  wires  "A"  and  "C  '  and  fasten  with  the  Mclntire. 
67.  Fole-Iiina  SpeoiflaatiouB.  —  The  best  American  practice  is 
now  constructing  pole-lines  under  specifications,  of  which  the  follow- 
ing clauses  are  abstracts  of  the  most  important  requirements. 
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88.  Poles.  —  Standard  poles  should  be  of  the  best  quality  of  live, 
green  cedar,  butt  cuts,  squared  at  both  ends.    They  shall  be  reason- 


flf,  62,    HtMrm  KwOBd  of  TnuupotHha, 


ably  straight,  and  well  proportioned  from  top  to  butt,  having  the 
bark  peeled,  and  the  knots  closely  trimmed.  The  ptJes  shall  be  of 
the  following  dimensions : — 

Table  No.  36. 


MICHIGAN  CEDAR. 

CANADIAN  CEDAR.                    | 

Mldimum 
MTop, 

Minimum 
S'fnmBfltt. 

MiDlmum 
«Top- 

Hinlmim 

3) 

«) 

18" 
18" 

SO" 
M" 

23" 
13  " 

as" 

3D" 
33" 

3»" 

10 

30 

40 
4fi 
BO 

18" 

20" 
21" 

'£ 

A  variation  in  the  circumference  of  the  butt  of  1"  will  be  allowed, 
but  tlie  above  circumference  of  top  must  be  insisted  upon.  All  poles 
shall  be  subjected  to  inspection  by  a  representative  of  the  purchas- 
ing company,  at  points  of  shipment.  The  tops  of  the  poles  shall  be 
carefully  roofed,  by  chamfering  the  top  to  equal  angles  of  45°  on 
either  side  of  the  pole  center.  The  roof  shall  be  painted  with  three 
coats  of  best  white  lead.  Each  pole  shall  be  gained  with  the 
appropriate  number  of  gains  to  carry  the  required  number  of  cross- 
arms.  The  center  of  the  upper  gain  shall  be  10"  from  the  apex  of 
the  pole  roof.  Each  gain  shall  be  cut  square  and  true  with  the  axis 
of  the  pole  and  with  all  other  gains,  and  shall  be  cut  to  accurately  fit 
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the  cross-anns.  All  gains  shall  receive  two  coats  of  best  whit' 
lead  previously  to  the  introduction  of  the  arm. 

59.  Ony-Stubs  and  Anohor-Loee.  —  The  quality  of  wood  shaJi 
confonn  to  pole  requirements.  Guy-stubs  shall  not  be  less  than 
24"  in  circumference  at  the  top.  Anchor-logs  shall  be  10"  io 
diameter  and  4  ft.  to  8  ft.  long. 

eo.  CrOBB-ArmB.  —  Cross-arms  shall  be  of  thoroughly  sound, 
stratght-gratn  timber,  and  made  of  Norway  pine  or  Southern  pine, 
as  specified  in  particular  instances.  The  arms  shall  be  from  3  feet 
to  10  ft.  long,  8i"  thick,  and  4i"  deep.  They  shall  be  sawn  true 
and  square,  fully  up  to  the  dimensions  specified.  The  two  4J"  sides 
shall  be  sawn  parallel  and  at  right  angles  to  one  of  the  3}'  sides. 
The  other  Si"  side  shall  be  chamfered  throughout  the  whole  length 
of  the  arm  with  the  exception  of  10"  in  the  center,  which  shall  be 
left  square  to  fit  into  the  gain  upon  the  pole.  This  chamfering  shall 
be  done  to  the  radius  of  a  circle  about  40"  in  diameter.  All  cross- 
arms  shall  receive  two  good  coats  of  mineral  paint  put  on  with  a 
brush, 

61.  Iron  Steel  Fittings.  —  All  iron  steel  fittings  shall  be  of  good 
quality  of  best  refined  wrought  iron,  that  would  be  conformable  to 
good  bridge  specifications,  and  shall  be  thoroughly  galvanized. 

ea.  QolvanizinB- — All  galvanizing  may  be  tested  by  selecting 
samples,  which  shall  be  plunged  in  a  saturated  solution  of  sulphate 
of  copper  for  seventy  seconds,  and  then  wiped  clean.  This  process 
will  be  repeated  four  times.  If,  at  the  end  of  the  fourth  trial,  the 
sample  appears  black,  the  galvanizing  will  be  accepted ;  but  if  any 
deposit  of  copper  is  shown,  giving  an  indication  that  the  iron  has 
been  exposed,  the  sample  will  be  rejected. 

63.  Cross-Ami  Braoes Each   cross-arm   shall  be  braced  with 

two  galvanized  iron  braces  li"  wide  and  J"  thick  by  20"  to  80'  long. 
Each  pair  of  braces  shall  be  screwed  to  the  pole  by  one  galvan- 
ized iron  carriage-bolt.  All  braces  shall  be  attached  to  the  cross-arm 
by  means  of  3"  galvanized  iron  carriage-bolts,  of  sufficient  length 
to  go  through  the  braces  and  the  arm.  A  galvanized  iron  washer 
shall  be  placed  under  the  head  and  nut  of  each  bolt. 

64.  Cross-Arm  Bolts.  —  Each  cross-arm  shall  be  screwed  to  the 
pole  by  one  J"  galvanized  iron  bolt,  extending  entirely  through  the 
arm  and  pole.  Under  the  head  and  nut  of  each  bolt  a  galvanized 
iron  washer,  not  less  than  2i"  in  diameter,  shall  be  placed. 
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65.  Pine.  -^  AH  pins  shall  be  of  the  best  quality  of  sound,  clear, 
split  locust,  free  from  knots  and  sapwood.  The  standard  pin  shall 
be  1  \"  in  diameter  for  the  shank  in  the  cross-arm,  and  4"  in  length.  ' 
The  top  of  the  pin  shall  be  Ij"  in  diameter,  where  it  rests  upon  the 
cross^rm,  and  then  shall  be  tapered  and  threaded  to  fit  the  insulator  - 
for  which  it  is  intended.  The  threading  and  tapering  shall  be  neatly 
and  accurately  cut,  showing  the  full  thread,  and  shall  accurately  fit 
the  insulator.  Each  pin  shall  be  secured  to  the  cross-arm  by  one 
six-penny  galvanized  iron  wire  nail  driven  straight  through  the 
shank  of  the  pin. 

66.  InsiilatoTS.  —  Standard  white  glass  insulators  shall  be  used, 
which  shall  be  sound  and  strong,  free  from  fins  and  sharp  edges, 
having  threaded  holes  accurately  molded  and  of  uniform  size. 

67.  Ooy-Rods.  —  Anchor  guys  shall  be  attat^hed  to  galvanized 
iron  guy-rods.  These  rods  shall  be  6  ft.  to  8  ft.  long,  J"  in  diameter, 
provided  with  a  square  galvanized  iron  washer,  %"  in  thickness  and 
8"  square,  with  a  3"  hole  for  the  reception  of  the  rod. 

68.  'Wire-Rope  Fittings All  wire-rope  fittings,  such  as  thim- 
bles, guy-clamps,  rings,  sockets,  etc.,  shall  be  of  first-class  quality 
of  wire-rope  fittings,  equivalent,  in  every  respect,  to  those  manu- 
factured by  the  Roebling  Company,  or  Washburn  &  Moen. 

69.  Lightning-BodB Every  tenth  pole  shall  be  supplied  with 

a  lightning-rod,  made  of  No.  6  galvanized  iron  wire,  carried  at  least 
one  foot  above  the  top  of  the  pole,  and  secured  to  the  same  with  heavy 
galvanized  steel  wire  staples,  made  of  No.  4  B,  &  S.  wire.  These 
staples  shall  be  2^"  in  length.  The  wire  shall  be  carried  down 
the  pole,  and  thoroughly  buried  in  the  ground  at  the  base  of  the 
pole  in  moist  earth. 

70.  Quy-Hopp.  —  Guy-rope  shall  be  of  a  good  flexible  quality  of 
steel  rope,  preferably  of  seven-strand.  Each  strand  shall  be  Siemens- 
Martin  steel  No.  10  B.  &  S.  wire.  The  wire  shall  be  cylindrical,  free 
from  scales,  inequalities,  and  other  imperfections.  The  wire  shall  be 
capable  of  elongating  4  per  cent  in  1  ft.  lengths,  and  shall  stand  at 
least  15  twists  in  a  length  of  6"  without  breaking.  The  tensile 
strength  of  the  wire  must  be  at  least  4.8  times  its  weight  in  pounds 
per  mile.  The  seven  strands  shall  be  laid  up  with  a  right-hand  lay, 
not  exceeding  SJ"  in  length.  The  galvanizing  of  the  strands  must 
be  subjected  to  the  same  test  as  previously  specified.      Strand-rope 
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shall  be  furnished  in  coils  of  such  length  as  to  weigh  between  150 
and  200  lbs. 

71.  CoDstmatioa  Details.  —  The  line  shall  be  located  by  meas- 
uring off,  and  placing  stakes  for  pole  location  at  distances  of  one 
180  ft.  average.  In  case  of  obstacles,  the  poles  should  be  located 
as  near  the  stakes  as  possible.  In  the  distribution  of  the  poles,  the 
strongest  and  heaviest  poles  shall  be  placed  on  line  corners,  while  the 
best  looking  shall  be  distributed  throughout  towns  and  cities,  or  in 
front  of  residences.  The  length  of  the  pole  shall  be  proportioned  to 
the  contour  of  the  country,  so  that  the  line  wire  may  be  strung  with- 
out abrupt  changes  in  level.  On  straight  lines,  all  poles  shall  be  set 
in  the  ground  to  a  depth  of  6  ft.,  unless  otherwise  particularly  speci- 
fied. All  poles  shall  be  set  perpendicularly  on  straight  line  work. 
On  curves  poles  should  be  set  with  an  outward  rake  The  boles 
shall  be  dug  sufficiently  large  to  admit  the  butt  of  the  pole  without 
hewing ;  and  after  the  pole  is  set,  the  earth  shall  be  returned  and 
thoroughly  tamped  around  the  base  of  the  pole.  Tamping  shall  be 
done  in  the  proportion  of  three  tampers  to  one  shoveler.  Upon 
curves,  the  poles  shall  be  set  to  a  depth  of  at  least  6J  feet.  Where 
the  soil  is  particuUrly  soft,  artificial  pole  foundations  of  concrete  or 
timber  shall  be  used. 

72.  :naomg  of  Cross-ArmB.  —  On  straight  line  work,  the  cross- 
arms  shall  be  placed  on  alternate  sides  of  succeeding  poles.  On  long 
spans,  the  cross-arms  of  terminal  p>oles  shall  be  placed  opposite  the 
long  section.  At  the  end  of  lines,  the  arms  of  at  least  the  last  two 
poles  shall  be  placed  on  the  side  facing  the  terminal  of  the  line.  On 
curves,  the  cross-arms  shall  face  toward  the  middle  of  the  curve. 
Long  spans  of  200  feet  shall  be  head-guyed,  and,  if  possible,  side- 
guyed  in  both  directions. 

78.  Tying  of  Wires,  —  Line-wires  shall  be  tied  in  the  manner 
shown  in  Fig.  35.  On  curves,  all  wires  shall  be  located  upon  the 
side  of  the  insulator  away  from  the  center  of  the  curve.  On  straight 
lines,  all  wires  to  be  located  on  the  side  of  the  insulator  next  the 
pole,  excepting  the  two  wires  nearest  the  pole,  which  are  to  be  on 
the  outside  of  the  insulator. 

74.  Joints.  —  The  joints  shall  be  made  with  Mclntire  sleeves, 
each  having  three  complete  twists. 
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CHAPTER    IV. 

OOHSTRUOnOH  OF  ABRIAI.  OIROnTrS. 
ELECTRIC  RAILWAY  CIBCUITS. 

78.  Electric  Bailway  CirouitB.  —  The  marvelous  extension  of  the 
electric  railway  systems,  leading,  during  the  past  few  years,  to  an 
investment  in  thb  country  of  nearly  two  and  a  half  billions,  has 
caused  the  development  of  a  special  branch  of  engineering,  present- 
ing problems  in  line  construction  which  are  unique  to  this  particular 
department  of  the  art.  At  present,  with  but  very  few  exceptions, 
the  electric  railway  circuit  is  an  aerial  line ;  yet  it  must  be  able  to 
carry  very  large  quantities  of  electrical  energy,  at  sufficiently  high 
potentials  to  become  a  source  of  danger,  provided  the  very  best  work- 
manship and  materials  are  not  used.  Usually  the  railway  circuit 
consists  of  a  series  of  conducting  wires,  called  feeds,  extending  from 
the  power  station  over  the  route  of  the  railway,  from  which,  at  vari- 
ous points  along  the  line,  energy  is  supplied  to  the  trolley  wire  placed 
over  the  center  of  the  track.  Two  forms  of  railway  lines  are  in  use, 
respectively  designated  as  "center,  or  side  pole,"  and  "span  wire" 
construction,  depending  upon  whether  the  poles  for  supporting  the 
trolley  and  feed  wires  are  extended  along  the  street,  between,  or  just 
at  one  side  of  the  tracks,  supporting  the  trolley  wire  on  brackets,  or 
whether  they  are  placed  in  a  double  row  along  the  curbs  of  the  street, 
the  trolley  wire  being  carried  upon  span  wires  extended  across  the 
street  from  the  tops  of  opposite  poles,  while  the  feeds  are  carried 
directly  on  the  poles.  These  methods  of  construction  are  indicated 
in  Fi^.53,  54,  55,  56,  and  57. 

78.  rhe  Bailway  Beturn  Circuit.  —  With  the  exception  of  a  few  of 
the  early  double  trolley  roads  and  some  of  the  modem  conduit  lines,  the 
electric  laOway  line  has  always  been  a  grounded  return,  the  current  pass- 
ing from  the  station  through  the  feed  wire  to  the  trolley  wire,  thence  through 
the  car  mot«:  into  the  rails,  and  back  to  the  station  through  the  ground. 
So  long  as  railway  systems  were  small,  this  practice  answered  well 
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enough  ;  but  with  increasing  magnitude,  the  amounts  of  energy  thus 
discharged  into  the  ground  have  given  rise  to  very  serious  and  per- 
plexing problems.     The  first  noticeable  effect  was  the  production  of 


earth  currents  of  such  importance  as  to  seriously  interfere  with  tele- 
phonic and  telegraphic  service  ;  then  a  wide-spread  electrolytic  action 
made  its  appearance,  affecting  in  a  most  serious  manner  alt  metallic 
underground   structure,  such  as  gas  and  water  pipes,  and  the  lead 
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Fig,  54.     Sid*  Pol*  Canitructloii. 
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sheathes  of  underground  cables;  and  lastly,  the  poor  quality  of  the 
earth  as  a  conductor  makes  'itself  manifest,  necessitating  a  veiy 
considerable  fall  of  potential,  and  consequent  wasteful  expendituie 
of  energy  in  this  part  of  the  circuit.  On  account  of  these  diflScuIties, 
the  larger  roads  are  now  aiding  the  ground  return  by  re-enfordng 
it  with  copper  wire  "  return  feeds,"  lookii^  in  the  near  future  to  a 
more  or  less  complete  metallic  circuit  for  the  railway  system. 
I  77.  Experience  has  shown  that  it  is  entirely  fallacious  to  place 
any  reliance  upon  the  conducting  power  of  earth  to  form  a  return  for 
trolley  current,  but  that  in  all  cases  it  is  necessary  to  provide  a  suffi- 
cient metallic  path  over  which  electricity  may  return  tO"  the  power 
station.  For  this  purpose  the  rails  may  be  utilized  and  in  the  majority 
of  instances  will  be  found  sufficient.    A  railway  track  consists  of  suc- 

1^*^ 1  I. J  I  irMiwiDi 


cessive  rails  that  arc  electrically  discontinuous,  as  the  joints  are  formed 
by  splice-plates  bolted  to  each  rail.  While  this  fastening  has  been 
from  a  mechanical  standpoint  more  or  less  satisfactory,  it  is  utterly 
inadequate  as  an  electrical  conductor.  The  most  widely  adopted 
plan  of  providing  electrical  continuity  is  to  bond  the  track.  This 
operation  consists  in  spanning  each  joint  by  pieces  of  copper  wire  of 
proper  conductivity,  termed  bonds.  One  end  of  each  bond  b  metallicly 
connected  to  the  end  of  one  rail,  while  the  other  b  fastened  to  the 
succeeding  one.  Provided  bonds  are  given  sufficient  section  and 
properly  secured,  a  metallic  conducting  system  is  obtained  which  is 
usually  sufficient  to  return  the  cuirent  from  even  large  and  extensive 
systems,  without  excessive  fall  of  potential.  Experience  has  shown, 
however,  that  it  b  exceedingly  difficult  to  secure  adeqitate  bonding. 
From  motives  of  economy,  there  b  a  constant  tendency  to  make  bonds 
too  small.  Thb  has  been  carried  to  such  an  extent  that  rail  bonds 
have  been  known  to  run  so  hot  as  to  bum  ties  in  two,  producii^  derail- 
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ment  by  the  spreading  of  the  rails.  It  is  necessary  to  attach  the  ends 
of  the  bonds  to  the  flange  or  web  of  the  rail.  Here  the  iron  section  is 
thin,  and  unless  great  pains  are  taken  a  considerable  resistance  is 
introduced  at  the  junction.  In  moist  situations  copper  and  iron  fonn 
a  weak  galvanic  couple,  and  unless  the  joint  between  bond  and  rail  is 
hermetically  sealed  electrolytic  action  sooner  or  later  takes  place, 
corroding  and  destroying  the  electrical  continuity. 

The  cross-section  in  square  iuches  of  any  rail  is  approximately 
equal  to  its  weight  per  yard  in  pounds  divided  by  10.  Thus  a  rail 
weighii^  50  lbs.  per  yd.  would  have  a  cross-section  of  5  sq.  in.;  so  if 

W  be  the  weight  per  yard  of  rail,  —  is  the  sectional  area  of  a  single 

rail,  and  -7-  the  total  area  of  a  single  track  in  square  inches.      It  is 

easy  to  express  the  copper  equivalent  of  the  track  by  multiplying  the 
preceding  expression  by  the  conductivity  ratio  of  copper  to  iron.  For 
pure  metals  this  is  about  1  to  6,  but  steel  rails  contain  notable  per- 
centages of  carbon,  silicon,  manganese,  phosphorus,  and  sulphur, 
all  of  which  tend  to  exalt  the  conductivity  ratio.  For,  as  is  shown 
in  Art.  13,  very  small  quantities  of  extraneous  elements  markedly 
affect  electrical  conductivity.  Mr.  F.  H.  Parshall*  has  made  one  of 
the  most  exhaustive  investigations  upon  return  circuits,  from  which  the 
data  regarding  rail  conductivity  given  in  Table  No.  37,  Sec.  I,  are 
abstracted. 

Table  No.  37,  Sec.  L 

BaUtlon  b«tw««n  Oh»mlo»l  Oompotltlon  and  Blaotrloal  Seilatuioe  of  Bteel  Bail* 


Cubon. 

SUicOD. 

Vhf». 

Sulphur. 

■roi»p««i 

1  Mi.  1  Sq.  Id. 

Perotnt. 

Par  ocDt. 

P««.nt. 

£"S. 

^Th. 

»t  20'  F.. 
Ohmii. 

0-378 

0860 

0.181 

0.040 

0.041 

10.8 

0.468 

0.568 

0.1B8 

0.046 

0.0« 

0.482 

0.636 

0.692 

0.201 

0.051 

0.059 

0.490 

0.56S 

0.204 

0.063 

o.aio 

0.6S0 

0.220 

o.oas 

0.071 

12.9 

0.S6D 

•  Earth-r«turiu  &ir  Dectrical  Kailtrays.    Journal  of  Institute  of  Electiical  EDgineera, 
Vol.  VJ,  No.  135. 
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Table  No.  37. 

Oompoaition  mod  OondaoUvitjr  of  Iron  Allorm. 

Section  1L 


'"""-"  ^■™- 

EUCTRIC 
CONDt-CTlVlTT. 

Fa       I      C 

Ud 

Si 

Iron -100 

Copper 

1 

Carta. 

B.  C.  I. 
B. 

L.s.e. 
nee 

1302  H 

■'      A 

■■      L 

■■    O 

99 
99 
96 
99 
99 

98 
98 
98 
SB 

89 
71 

50 
02 

66 
42 

.    0 

028 
03 
08 
U 
78 

85 
00 

\ 

'.■XL 

0.07 

!o2 
.08 

^20 
.17 

100 
93 

62 

0 

5 
9 

18 

i; 

11 

Id 

10 
K 

It 

17 

■■fl" 

611 

ei3 

98 
97 

335 
93 

1 

58 

.58 
,58 

^46 

49 

4S 

S 

21] 

23 

^T* 

4S 

4U7 

1379  B 

39 

32 
1323  C 

l37eD/2 

99 
9E 

96 

94 
9i 

S« 

30 
76 

29 
74 

20 
(8 

?a 

31 

26 
15 

.50 

350 

4>5 
5.15 
3.40 

1520 

;;;;:.: 

70 
34 

S 
5 

I 

23 
29 

20 

37 
33 

31 
30 
16 

'■a- 

1381 

13TB  D 

1310  B 

30 
MS 

95 

86 
8U 

84 

1 

66 

50 
54 

3.81 

io!io 

11.50 
13.00 

is!  50 

"".(H 

23 

16 

16 

2 

1 

9 

S 

7 

61 
03 
6fl 
60 

As  germane  to  this  subject ,  Table  No.  37,  Sees,  n  and  ITT,  are  com- 
piled, Sec.II  gathered  from  the  researches  of  Barrett,Brown,and  Hatfield.* 
S«:.  Ill  gives  extended  data,  from  tests  made  by  the  General  Electric 
Co.,f  as  to  the  relation  between  electrical  conductivity  and  chemicai 
composition  of  a  large  variety  of  irons.  From  these  data  it  appears 
that  the  conductivity  ratio  of  irons  likely  to  be  used  in  the  manufacure 
of  rails  will  vary  from  8  to  15,  with  a  tendency  towards  the  lower  ratio. 

*  Researchei  of  Electric  Conducliviiy  and  Metallic  Fropertiea  of  100  different  AUot* 
of  Iron,     Journal  of  Institute  of  Electrical  Engineers,  Vol.  81,  Na  156. 

\  Tnuis.  Am.  Inst.  M.  E. ;  Tests  on  Conductor  Raila,  J.  A.  Clapp,  Oct  1903. 
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Table  No.  37. 
Section  IIL 
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01 
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c 
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9° 
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Z3 
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0 

25 

0:41    0 

10 

0 

04 

0 

0 

7 
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3,5° 

89 

8,42 

0 

0.48      0 

09 

0 

08 
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2S 

»6 
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0 

26 

0° 
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0 
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0° 

28 
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0 

34 

0 

oa 
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41 
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Ml 

0  61 
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30 
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05 
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31 
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9° 
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Dl 

0 
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^o 
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24 
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0 
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0 
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004 
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0 
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:» 
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on 
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9° 
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0 
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0,490 
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0.22      0 
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9° 
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0S4 
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U^g  the  ratio  10,  the  copper  area  equivalent  to  any  rail  is  equal  to  the 
weight  in  pounds  per  yard  divided  by  100,  while  the  copper  area  equiv- 
alent to  single  track  is  equal  to  the  weight  per  yard  of  rail  divided  by 
50  for  single  track  or  divided  by  25  for  double  track.  For  example: 
80-lb.  girder  rails  are  common  in  paved  streets;  if  adequa  ely  bonded, 
the  equivalent  copper  area  of  a  rail  would  be  0.8  square  inches  or 
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about  1 025,000  cm.,  that  for  one  track  would  be  1.6  sq.  in.  or  2,050,000 
cm.,  and  that  for  double  track  3.2  sq.  in.  or  4,100,000  cm.  An 
engineer  would  display  considerable  hardihood  to  advise  the  instal- 
la  ion  of  4,000,000  cm.  of  copper  in  the  return  sys'em  of  an  c'ectric 
railway;  so  this  simple  eiiample  indicate;  the  conducting  power  of 
the  track  and  emphasizes  the  necessity  of  utilizing  it  to  its  full  extent, 
which  can  only  be  done  by  electrically  eliminating  the  joints.  This 
is  the  object  of  bonding. 

78.  The  successful  bond  must  not  introduce  objectionable  resist- 
ance, due  to  imperfect  contact  between  metal  of  bond  and  that  of 
rail,  and  must  provide  a  joint  that  will  not  deteriorate.    Three  methods 
are  now  in  u  e:    The  most  common  consists  in  providing  a  copper 
conductor  of  sufficient  length  to  span  the  rail  joint,  the  ends  of  which 
arc  supplied  with  lai^e  copper  studs  or  rivets.     Holes  are  drilled  in 
either  the  flange  or  web  of  the  rail.     The  copper  rivets  arc  driven  into 
the  holes  and  expanded  to  make 
a  tight  fit.    Rail  joints  are  always 
designed  to  provide  for  the  cxpan- 
aon  and  contraction  due  to  annu;;! 
changes    of     temperature.       Ob- 
viously the  bond  must    be   flex- 
ible, or  the  motion  of  the  rail  will 

rupture  the  bond  or  tear  out  the  "'■  **■  ""'^^  **'"  *'"'*• 

rivet.  To  secure  elasticity  bonds  are  often  built  of  a  number  of  small 
copper  wires  as  shown  in  Fig.  58.  To  attach  the  bond,  holes  are  drilled 
in  the  rail  by  a  portable  drilling-machine  shown  in  Fig.  59.  It  is  cus- 
tomary to  place  the  bonds  under  the  fish-plates  as  shown  in  Fig.  60 
to  prevent  thieving,  for  experience  has  shown  that  exposed  bonds 
are  liable  to  be  stolen  and  sold  for  old  copper.  Bonds  thus  located 
are  usually  termed  "protected  bonds."  Another  plan  applicable  to 
"T"  rails  is  to  place  the  bonds  in  web  and  underneath  rail,  as  in 
Fig.  61.  While  this  locality  is  more  exposed  than  that  beneath  fish- 
plates, it  is  usually  covered  by  ballast  to  be  reasonably  secure.  To 
obtain  sufficient  copper  section  and  adequate  area  between  the  bond 
terminals  and  the  rail  it  is  easy  to  multiply  the  number  of  bonds  as 
in  Fig.  01,  where  two  are  shown.  The  same  end  is  attained  by  bonds 
designed  as  in  Fig.  62,  in  which  each  end  is  provided  with  two  ter- 
minals.   The  unprotected  bond  vnth  method  of  application  is  indi- 
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Fig.  69.    Pariablt  Pall  DrllL 
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cated  in  Fig.  63.    This  merely  consists  of  a  piece  of  copper  wire  pro- 
vided with  terminals  riveted  (Fig.64)  to  the  raUs  surrounding  the  fish-plate. 


Fig.  or.    Bmili  fn  Roll  Fltaif. 


fij,  82.    Miiiaplt  Terminal  Bi 


Fig.  B3.    Unimttcttil  Bon^t. 

79.  If  it  were  possible  to  secure  electrical  contact  between  the 
fish-plates  and  rails,  sufficient  conductivity  could  be  obtained  and 
the  expense  of  copper  saved.  The  "Plastic  Rati  Bond"  is  an  attempt 
to  solve  this  problem  and  one  from  which  favorable  experience  has 
been  secured.  This  device  is  illustrated  in  Fig-  66.  It  consists  of  a 
plastic  alloy  lai^ely  composed  of  mercury,  forming  a  putty-like  com- 
pound, whereby  metallic  contact  between  rail  and  fish-plate  is  secured, 
and  an  elastic  cork  case  to  hold  the  alloy  in  its  proper  place  between  rail 
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and  fish-plate.  This  case  is  made  about  twice  as  thick  as  the  dis- 
tance between  web  of  rail  and  plate,  so  it  b  compressed  about  one- 
half  when  the  fish-plate  is  bolted  in  its  normal  position.  To  install 
Ihe  plastic  bond  a  spot  upon  the  end  of  each  rail  two  or  three  inches 
in  diameter  is  cleaned  from  rust  by  means  of  a  portable  emery  wheel 
shown  in  Fig.  65,  and  similar  spots  cleaned  upon  the  fish-plate. 
When  the  iron  is  bright  it  is  rubbed  with  the  so-called  "Edison  Alloy," 
r.  compound  of  mercury  somewhat  the  same  as  plastic  alloy,  and  by 
this  means  the  iron  is  thoroughly  silvered.  The  cork  case  contain- 
inr;   plastic  alloy  is  then  placed  against  the  silvered  spot  on  the  rail 


Fig.  9*.    A  S/0  SoUd  Capptr  BeaH. 

and  wired  in  place  by  means  of  a  bit  of  No.  22  wire  as  in  Fig.  66. 
The  fish-plate  is  then  bolted  into  position.  Care  must  be  taken  to 
see  that  the  amalgamated  spots  on  rail  and  fish-plate  are  matched 
when  assembled.  Some  tests  made  upon  plastic  rail  bonds  by  the 
Boston  Elevated  are  shown  in  Table  38. 

An  ingenious  modification  of  the  plastic  bond  is  known  under  the 
name  of  Plastic  Plug  Bond,  illustrated  in  Figs-  G7  and  68.  One  or  more 
holes  are  drilled  through  each  end  of  the  fish-plate  into  the  flange  of  rail. 
These  holes  are  filled  with  plastic  alloy  and  then  a  copper  plug  is  driven 
or  threaded  into  the  holes  in  such  a  manner  as  to  dip  into  the  plastic 
;dloy. 

80.  The    third   method   of   securing    conductivity  between   bond 
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and  rail  consists  in  soldering  the  bond  to  the  rail,  as  is  illustrated  in 
Fig,  69.  For  this  purpose  a  very  short  "U"-shaped  bond  is  used 
and  soldered  to  either  the  web  or  flange  of  the  rail  The  wire  of 
the  abutting  rails  is  cleaned  with  the  emery  wheel,  and  the  tinned 


flq.  eS.    PortcMt  £m*rf  Wtnl. 

ends  of   the   bond   are   sweated  to    the  rail  by  means  of  a  blow- 
lamp. 

81.  To  avoid  the  defects  inherent  in  bonding,  to  attain  greater 
mechanical  streng  h,  and  secure  more  perfect  rail  alignment  two  plans 
liave  been   suggested  which  endeavor  to  provide  track  which  is  coo- 
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Table  No.  38. 

Twt«  of  B«U  BoBda,  nude  by  Bogar  W.  Coiuuit. 


Ninrty-poiiad  Rail  Joint  with  PlMtio 

idcr   both    AdbIi 

■nd    piBtM  Daw  Mid    rul    aodi 

tOUchiDC 

13  iBchH  bmva«n  euit«n 

VolU    Drop    with 

Amian*. 

Drop. 

Drop. 

UKl«  pl*tM  »- 
movad  ud  nil* 

SOO 

.02S0 

800 

.0300 

7» 

.0138 

800 

.0138 

SSO 

.0068 

MO 

.0083 

.01« 

twos 

1000 

.0166 

0S30 

llOO 

0640 

1200 

0810 

ISOO 

.0118 

.0284 

0860 

-1600 

.01S8 

■      .0300 

oeso 

2200 
2300 

loiTS 
.0185 

.0325  1 

.0430  f 

Bonda  U»  hot  to 
permit  furtbsr 

MOO 

.0100 

tinuous  from  end  to  end.     One  plan  is  to  electrically  weld  the  adja- 
cent ends  of  rails  and  thus  construct  track  whidi  is  essentially  in  one 


flf.  08.    Ptattin  Flat  Boat. 

piece.    Such  a  radical  proposition  seemed  almost  ridiculous  to  pre- 
viously conceived  notions  of  track  construction,  which  had  assumed 
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that  a  multiplicity  of  joints  was  necessary  to  provide  room  for  expan- 
sion due  to  annual  temperature  changes.  But  many  experiments 
proved  this  necessity  to  be  overestimated  and  that  at  least  girder  rails, 
enclosed  and  supported  by  street  pavement,  can  thus  be  safely  joined; 
so  the  projectors  of  the  weld  process  claim  that  it  provides  a  track 
mechanically  and  electrically  perfect.  Some  experience  has  shown 
that  the  weld  is  by  no  means  objectionless.  The  process  is  expensive, 
requires  elaborate  machinery,  can  only  be  performed  when  large  quan- 


flg,  89.    SaldtrM  Flixibit  Rail  Boat  A/iplUa  to  Bail. 

titles  of  electrical  energy  are  available,  anneals  the  ends  of  rails,  makes 
joints  soft  in  spots,  invites  wear,  alters  the  chemical  composition  of 
the  track  so  that  the  weld  presents  greater  resistance  than  other  por- 
tions of  rail,  and  causes  it  to  become  brittle,  so  that  track  frequently 
ruptures  where  welds  have  been  made.  For  thb  reason  tlie  welding 
process  did  not  attain  at  first  the  currency  desired  by  its  inventors. 

More  extended  experience  has  mdicated  that  by  placing  a  splice- 
plate  on  each  side  of  the  rail,  as  shown  in  Fig.  70,  and  by  arranging  a 
powerful  press  to  squeeze  the  abutting  ends  of  the  raU-joints  forcibly 
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together  and  to  retain  them  under  pressure  while  the  joint  is  cooling, 
largely  reduces  the  number  of  broken  joints,  and  tends  to  avoid  the 
deterioration  which  the  steel  undergoes  when  heated  without  subse- 
quent working.  When  the  welding  process  was  first  mtroduced 
statistics  show  that  upwards  of.  1  per  C2nt  of  the  joints'failed  by  break- 
ing.   In  1903  there  were  something  like  300  miles  of  ^  electric-railway 


tia.  70.    aplla-bcT  Eltetrhllt  Wtldtd  Mat 

track  with  welded  joints,  and  of  this  number  a  little  less  than  one-tenth 
of  1  per  cent  of  the  joints  have  proved  troublesome. 

The  apparatus  for  electrically  welding  rails  is  cumbersome  and 
expensive,  and  is  shown  in  Fig.  71.  There  are  four  essential  features: 
1st.  A  sand-blast  outfit  with  which  the  lails  and  splice-bars  can  be 
cleaned.  2d.  A  rotary  transformer  to  change  the  trolley  current 
into  an  alternating  one.  .Id.  The  welder  and  clamp.  4th.  An  emery 
grinder  to  smooth  the  completed  Joint. 

The  cost  of  introducing  welded  joints  upon  existing  track  w31 
depend  very  largely  upon  the  nature  of  the  surroiuiding  paving  and 
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the  age  of  the  rails.  When  applied  to  new  track,  as  it  is  originally 
laid  rue  cost  may  be  kept  within  $1.50  to  $2.00  per  joint,  while  with 
old  track  the  expense  rises  to  from  $3.00  to  $6.00: 


flq.  71.    Cltetrm  WtUtr. 

82.  The  other  plan  proposes  to  envelop  the  ends  of  the  rails  in  a 
mold  which  shall  be  filled  with  molten  iron  or  other  metal,  thus 
inclosing  the  rail  ends  in  a  solid  casting.  It  has  been  assumed  that 
if  the  rail  ends  were  properly  cleaned  prior  to  casting,  adequately 
heated,  and  the  metal  poured  at  a  sufficiently  high  temperature,  the 
melted  bath  would  fuse  itself  to  the  rails  and  form  complete  electrical 
and  mechanical  contact.  Experience  shows  that  this  expectation  is 
rarely  if  ever  realized,  for  while  cast  joints  undoubtedly  closely  hug  rail 
ends,  there  is  little  question  but  that  rails  are  often  never  fused  to  the 
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casting,  but  are  separated  therefrom  by  a  thin  film  of  oxide  or  other 
impurity.  While  this  separation  destroys  the  electrical  perfection  fA 
the  joints,  it  undoubtedly  has  a  compensating  value  in  affording  a 
possibility  for  expansion.  Cast  weld  joints,  therefore,  must  be  bonded 
in  exactly  the  same  manner  as  that  adopted  for  those  made  with  fish- 


Flf.  72,    Coft  If l/tf  i/a/iri  airitr  Kail.  fig.  73.    CoMt  Wtld  Joint  Tf  Ml. 

plates.  Figs.  72  and  73  are  illustrations  of  two  forms  of  cast  weld 
joints,  while  Fig.  74  is  a  section  made  by  cutting  throi^  the  center 
of  the  casting. 


Hg.  74.    Stcllna  of  Call  WllH  Joint. 

Cast  iron  is  usually  employed  as  the  metal  for  forming  cast  weld 
joints.  A  portable  cupola  is  arranged  either  upon  a  car  or  cart  so 
that  It  may  be  transported  along  the  track,  the  furnace  being  fired  by 
oil.  During  daytime  rail-joints  are  exposed  and  molds  set  in  place,  and 
then  at  ni^t,  in  order  to  avoid  interference  with  street  traffic,  the 
joints  are  poured. 

The  Philadelphia  Traction  Co.  has  adopted  a  form  of  cast  weld 
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joint  in  which  zinc  b  employed  as  metal  for  forming  weld.  A  pair. of 
angle-plates  are  used  which  do  not  come  in  immediate  contact  with 
raib,  but  are  riveted  thereto  with  spacing-washers.  The  openings  at 
ends  of  angle-plates  are  corked  with  asbestos,  and  then  mohen  zinc  is 
poured  between  the  rail  and  plates. 

A  method  recently  devised  in  Germany,  known  as  the  Ikirmiu 
process,  is  advocated  as  requiring  little  or  no  expensive  paraphernalia. 
This  method  depends  upon  the  fact  that  powdered  aluminum  when 
mixed  with  certain  other  metallic  oxides  will  bum  violently  and  reduce 
the  oxide  to  a  metallic  state.  The  requisite  quantity  of  powdered 
aluminum  is  mixed  with  oxide  of  iron  and  placed  in  a  crucible  and  then 
ignited.    A  violent  chemical  action  ensues,  reducing  the  iron  to  a 


metallic  molten  liquid,  which  may  be  poured  from  the  crucible  around 
the  joint.  The  apparatus  required  merely  consists  of  a  pair  of  clamps 
with  which  to  compress  the  rail-joints,  and  a  crucible  of  sufficient 
capacity  to  hold  the  requisite  quantity  of  material.  A  complete  joint 
made  by  thb  process  is  illustrated  in  Fig.  75. 

The  cost  of  the  thirmite  process  is  stated  to  be  about  one-fourth  that 
required  for  either  electrical  or  cast  weld  for  the  actual  welding  of 
joints.  Naturally  the  cost  of  preparing  rails  and  of  necessary  paving 
is  the  same  by  cither  process. 

The  success  of  any  form  of  continuous  rail  will  depend  very  largely 
upon  the  nature  of  surrounding  paving.  To  use  continuous  raib  upon 
an  ordinary  "T"-rail  track,  exposed  upon  sleepers,  would  be  folly,  as, 
owing  to  the  wide  variations  in  the  temperature  and  the  lack  of  longi- 
tudinal support,  it  would  be  impracticable  to  keep  the  track  in  line; 
but  with  girder  rails  supported  upon  solid  concrete  foimdation  inclosed 
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in  rigid  Belgium  pavement  this  method  may  be  adopted  with  entire 
success,  because  the  longitudinal  support  of  the  pavement  is  so  great  that 
it  is  impracticable  for  a  rail  to  sensibly  deflect.  The  inclosure  offered 
by  paving  limits  variations  in  temperature,  and  finally  the  friction  of 
the  paving  prevents  the  track  from  creeping. 

Where  other  forms  of  paving,  such  as  asphalt,  brick,  ■wooden  block, 
etc.,  are  used,  more  or  less  difficulty  with  change  in  alignment  of  track 
will  be  found  and  the  pavement  will  be  correspondingly  more  or  less 
crowded  out  of  place  by  expansion.  In  general,  therefore,  no  form  of 
continuous  rail  should  be  adopted  excepting  when  accompanied  by  the 
most  substantial  pavement. 

83.  Even  with  the  best  care  bonds  may  break  or  be  stolen,  or  the 
juncture  with  the  rail  grow  defective.    To  guard  against  this  con- 


PLAN  OF  TRACK. 
fit.  70.    0n»-8eni/liiB  anil  Breunil  Wiring. 

tingency  it  is  customary  to  frequently  "crosj-fcored"  the  rails  of  a  track 
or  even  connect  in  a  similar  manner  all  four  rails  of  a  double  track, 
and  this  is  particularly  desirable  at  frogs,  switches,  turn-outs,  and  other 
special  work.  This  is  accomplished  by  drilling  into  the  web  or  flange 
of  the  rails  and  cross-connecting  with  bonds  long  enough  to  extend 
from  rail  to  rail  and  track  to  track.  To  still  further  insure  continuity 
and  to  reinforce  the  conductivity  of  the  track  a  supplementary  wire 
caDed  a  "ground  wire"  is  often  placed  between  the  rails  and  attached 
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to  the  crosa-bonds.  "Cross-bonding"  and  "ground  wiring"  aie  shown 
in  Fig.  76,  while  Fig.  77  shows  the  method  tA  ^tachiog  feeder  caUes 
to  the  ralL 


FIf.  TT.    ftttr  TtmIimI. 

In  designing  the  return  circuit,  care  should  be  taken  in  installa- 
tions where  the  rail  lines  do  not  pass  close  to  the  power  station,  to 
introduce  a  sufficient  amount  of  return  feeds  from  the  station  to  the 
rails  as  "hall  be  fully  equal  to  the  cross-section  of  the  return  circuit 
as  obtained  through  the  rails  and  return  feeds. 

64.  Eleotrolytio  Action. — The  first  complete  invest^atlon  upon 
the  electrolytic  action  of  undei^round  currents  has  been  made  by 
Mr.  I.  H.  Famham,  of  the  New  England  Telephtme  &  Telegraph 
Co.'  Mr.  Faniham's  attention  was  drawn  to  the  matter  some  ten 
years  ago,  by  the  appearance  of  injurious  corrosion  in  the  lead 
sheaths  of  the  underground  telephone  cables.  Investigation  traced 
the  cause  of  the  corrosion  directly  to  the  return  current  in  the 
ground  from  the  electrical  system  of  the  West  End  Railway,  and 
further  showed  that  the  difficulty  could  be  traced  to  points  along  the 
cable  where  the  underground  currents  tended  to  leave  the  cable  for 
a  path  of  less  resistance  to  the  station.  At  the  b^inning  of  these 
investigations,  the  negative  pole  of  the  generating-station  was  con- 
nected to  the  overhead  trolley  system,  white  the  opposite  pole  was 

1  Sec  tnnuctioDi  of  Americui  loitiiute  ol  Electrical  Engineers,  April,  1S94. 
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put  to  earth.  Many  voH-meter  measurements  were  made,  to  obtain 
the  difference  in  potential  between  the  underground  cables,  water- 
pipes,  and  gas-pipes,  and  the  surrounding  earth,  by  means  of  which 
it  was  possible  to  map  out  the  entire  city  of  Boston,  showing  where 
the  corrosive  action  was  likely  to  be  expected,  thus  inclosing  an 
area  appropriately  termed  "  Danger  District."  It  was  suggested  ta 
reverse  the  poles  of  the  dynamo,  placing  the  positive  pole  to  tha 
trolley,  and  the  negative  pole  to  earth.  This  suggestion  was  carried 
into  effect,  and  a  second  set  of  measurements  made,  showing  that, 
under  the  new  conditions,  the  amount  of  the  danger  district  was 
very  much  decreased,  and  indicating  that  the  area  in  which  corrosive 
action  might  be  expected  was  practically  confined  to  the  immediate 
neighborhood  of  the  power  stations,  and  thus  brought  very  much  more 
under  control.  It  has  been  pointed  out  that  by  restricting  the  danger 
district,  the  intensity  of  electrolytic  action  may  be  much  increased. 
Such  an  effect  as  this  is  a  logical  consequence,  but  the  restriction  of 
the  district  to  comparatively  small  areas  renders  repairs  very  much 
easier  of  execution.  To  protect  underground  structures  within  the 
danger  district,  it  has  been  proposed  by  Mr.  Famham  that  large 
copper  conductors  should  be  extended  from  the  grounded  side  of  the 
generators,  entirely  through  the  district,  and  should  be  connected,  as 
often  as  possible,  to  all  metallic  structures  which  are  exposed  to  elec- 
trolytic action.  This  experiment  was  tried  in  Boston,  subsequent 
volt-meter  measurements  indicating  that  the  protection  thus  afforded 
was  sensibly  complete, 

Mr.  Famham's  investigations  further  indicated  that  a  very  small 
difference  in  electrical  potential  was  sufficient  to  initiate  the  corrosive 
action. 

86.  In  the  discussion  of  Mr.  Farnham's  paper,  Prof.  D.  C.  Jack- 
son, of  Madison  University,  gives  exceedingly  interesting  results 
from  experiments  to  determine  the  minimum  amoimt  of  electrical 
pressure  likely  to  be  injurious,  and  the  chemical  effects  which  are 
produced  in  the  soil  through  the  action  of  the  current.  Professor 
Jackson  concludes  that  a  difference  of  potential  as  small  as  one- 
thousandth  of  a  volt,  constituting  mere  directive  force,  may  be  suffi- 
cient to  initiate  and  continue  sufficient  corrosive  action  to  be  injurious, 
provided  it  extends  over  a  considerable  period  of  time.  Professor 
Jackson  also  says  that,  in  most  cases,  the  action  may  be  considered 
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to  be  that  of  an  electrolytic  cell  with  iron  electrodes,  having  an 
electrolyte  of  the  various  salts  of  the  alkaline  metals,  or  earths, 
which  would  be  naturally  found  in  the  street  soils.  These  alkaline 
salts  are  electrolyzed  by  the  current,  the  acid  radicals  attracted  by 
the  anode  and  forming  an  iron  salt,  while  the  metals  pass  over  to  the 
cathode,  forming  with  water  a  hydroxide,  liberating  hydrogen.  The 
ferrous  salt  thus  formed  diffuses  toward  the  cathode,  while  the  alka- 
line hydroxide,  in  a  similar  manner,  diffuses  toward  the  anode. 
Where  these  salts  meet  in  the  soil,  ferrous  hydroxide  is  precipitated, 
and  the  original  salt  re-formed. 

Assuming  the  correctness  of  this 
theory,  it  is  evident  that  the  actual 
corrosion  is  due  to  an  attack  by  the 
acid  radical  of  the  salt  in  the  elec- 
trolyte, which  is  set  free  by  the  pas- 
sage of  the  current. 

This  investigation  still  further 
emphasizes  the  necessity  in  street 
railway  work  of  providing  a  metal- 
lic return  circuit  which  shall  be 
amply  sufficient  to  convey  to  the 
power-house  all  the  energy  required 
to  operate  the  railway  system. 
The  appearance  of  corroded  water- 
pipes  is  illustrated  in  Figs.  78 
and  79. 
n^m   (W0-- ir«.,-«p,.  86-    Railway    Poles.  —  Nearly 

all  of  the  timber  woods  have  been 
pressed  into  service  for  electrical  railway  construction.  Poles  of 
pine,  cedar,  chestnut,  cypress,  spruce,  and  tamarack  are  most  fre- 
quently in  demand.  Of  these  spruce,  cypress,  and  tamarack,  and 
occasionally  poplar,  have  been  used,  particularly  near  the  locali- 
ties in  which  the  various  kinds  of  timber  are  found  native.  Spruce 
poles  make  handsome  lines,  and  are  strong  and  elastic,  but  have 
a  very  short  life,  usually  rotting  out  in  from  two  to  three  years. 
Cypress  and  tamarack  have  great  durability,  and  are  largely  used  in 
the  Southern  States.  Cedar,  pine,  and  chestnut  are  abundant,  and 
in  the  North  poles  are  usually  selected  from  one  of  these  woods. 
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White  cedar  and  chestnut  are  frequently  selected,  both  for  che^ness 
and  prompt  delivery.  Pine,  whether  Michigan,  Oregon,  Norway, 
Georgia,  or  North  Carolina  yellow  pine,  is  usually  used  for  manu- 
factured poles. 

By  means  of  a  little  mtll-work,  railway  poles  may  be  made  in  a 
wide  variety  of  shape  and  finish,  according  to  the  choice  of  the  de- 
signer. Commonly  the  butt  of  the  pole  is  left  round,  while  from 
the  ground  up  it  is  sawed  either  square  or  octagonal.  A  manufac- 
tured pole,  without  question,  when  carefully  made  and  tastefully 
painted,  makes  a  line  of  unexceptional  appearance.  The  tops  of  the 
poles  should  be  carefully  chamfered  to  a  neat  point,  and  should  be 
thoroughly  painted  with  at  least  three  coats  of  best  white  lead  and 
oil.  In  crowded  localities,  the  butts  of  the  poles  should  always  be 
protected  by  an  iron  wheel-guard,  to  prevent  injury  by  collision  with 
the  wheels  of  vehicles. 

87.  "Wooden  Polee  should  be  not  less  than  6"  at  the  top,  and  at 
least  28  or  30  ft.  in  length.  For  center-pole  construction  the  poles 
are  set  at  intervals  of  from  100  to  150  ft.  longitudinally,  between  the 
rails  in  case  of  double  track,  or  just  outside  of  the  rail  in  a  single 
track.  The  poles  may  be  either  round  or  octagonal.  They  should 
be  true,  straight,  and  fully  up  to  the  size  specified,  free  from  knots 
and  shakes,  and  sound  in  e\'ery  respect.  Typical  railway  poles  are 
shown  in  Fig.  80. 

In  setting  the  poles  the  base  should  be  thoroughly  tarred  for  a 
distance  of  5  or  6  ft.,  and  firmly  planted  in  the  earth,  special  care  being 
taken  to  ram  the  earth  solidly  around  the  pole.  Where  soft  ground 
is  encountered,  a  concrete  foundation  must  be  used. 

88.  For  center-pole  construction  the  poles  are  supplied  with 
brackets  as  shown  in  Fig.  54,  to  which  the  insulator  supporting  the 
trolley  wire  is  attached. 

Care  should  be  taken  to  see  that  the  brackets  are  sufficiently 
firm  and  strong,  and  that  they  are  solidly  attached  to  the  pole,  as 
frequent  accidents  have  occurred  by  the  fall  of  the  bracket  due  to 
a  blow  from  a  passing  trolley, 

89.  For  span-wire  construction,  two  poles  are  required  for  each 
span,  one  set  on  either  side  of  the  street  close  to  the  curb-line.  To 
counterbalance  the  tension  of  the  span,  it  is  customary  to  set  the 
poles  with  a  rake,  outward  away  from  the  center  of  the  street  about 
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18".  By  this  means  the  tension  of  the  span-wire  gradually  pulls  the 
pole  to  a  straight  line.  On  account  of  this  tension,  span-wire  con- 
struction must  be  exceedingly  solid.  Specially  good  foundations 
must  be  provided  for  the  poles,  and  they  must  be  amply  stiflf  to  re- 
sist the  bending-moment  due  to  the  span  wire. 

90.  The  sp>an-wire  should  be  made  of  galvanized  iron  or  steel 
cable  about  3"  to  i"  in  diameter,  depending  upon  whether  the  line  is 
a  double  or  single  line.  The  span-wire  should  be  attached  to  the 
poles  by  means  of  a  ratchet  shown  in  Figs.  81  and  82,  in  order 
that  requisite  adjustment  of  tension  or  location  of  insulators  may  at 
any  time  be  made.  If  rigid  economy  is  desired,  the  span-wire  may 
be  fastened  by  means  of  an  eye-bolt  extending  through  the  pole,  the 


F)g.  as.    Poll  Satchiti  In  Place. 

tension  being  adjusted  by  means  of  the  nut  on  the  shank  of  the  bolt. 
Each  span-wire  should  be  supplied  with  two  strain  insulators,  one 
set  near  to  each  pole,  as  a  protection  against  any  leakage  from  the 
trolley  wire,  as  in  Fig.  56.  The  strain  insulators  are  introduced  into 
the  span-wire  by  forming  eyes  in  the  cable  by  whipping  one  end  of 
the  cable  over  on  itself  with  annealed  copper  wire,  carefully  turning 
in  all  of  the  wire  ends.  It  is  not  advisable  to  use  iron  wire  for  any 
purpose  of  this  kind,  as  it  sooner  or  later  rusts. 

01.  Iron  Poles.  —  Iron  poles  are  made  either  of  successive 
lengths  of  wrought-iron  pipe  shrunk  together  at  the  joints,  or  of 
some  of  the  various  forms  of  structural  iron.  A  great  variety  of 
designs  may  be  found  in  the  market,  of  which  the  examples  in  Figs. 
S^,  84,  85,  and  86  may  be  considered  as  typical  of  the  best  forms. 
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The  Latticei)ole,  Fig.  83,  is  an  excellent  form,  and 
may  be  designed  to  present  a  very  ornamental  appear- 
ance in  the  street.     Unfortunately,  in  the  early  designs. 


an  unwise  attempt  to  produce  too 
cheap  a  pole  led  to  many  failures, 
and  has  caused  a  prejudice  against 
this  style  that  should  be  unfounded. 
The  lattice-pole,  being  open  on  all 
sides  to  inspection  and  painting, 
presents  in  this  respect  an  advan- 
tage over  other  designs.  The 
Tubular  Steel  pole.  Fig.  84,  is 
probably  the  lightest,  stiffest,  and 
theoretically  the  best  designed 
:  is  rather  the  most  expensive,  and,  the  inside  being  inac- 
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cessible,  the  thin  metal  of  the  shell  is  likely  to  suffer  from  rust. 
The  Iron  Pipe  pole,  Figs.  85  and  87,  was  the  earliest  design  on  the 
market,  and   is  deservedly  a  favorite,  as  it  may  be   obtained  in  any 
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desired  weieht  or  strength.     As  usually  made,  it  consia 
three  iron  pipe  of  different  si?' 
nectt  ng   each    piece    over   the    next 
small  jipe- poles,  particular  attention 
must  to  see  that  the  pieces  are  prop- 
erly ink,  and  that  a  sufficient  length 


s 


■rf  joint  (at  least  18"  to  24")   is  used,  in  order  that  the  respective 
pieces  may  not  loosen  under  the  vibration   of  the  passing  trolley. 
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The  Tripartite  Pole,  Fig.  86,  is  a  new  and  novel  de^gn  that  would 
seem  to  possess  much  merit. 

82-  The  poles  used  tor  span -wire  railway  lines  must  be  stiff 
enot^h  to  resist  the  tension  due  to  stretching  the  span  wire  loaded 
with  the  trolley-wire  insulators  and  other  appliances  between  their 
tops.  Mr.  E.  A.  Merrill  shows  diat  imder  usual  conditions  the  deSeo 
tion  of  the  span  wire  and  the  tension  on  the  pole  tops  for  various  widths 
of  street,  will  be  as  in  Tables  39  and  40.  Both  tables  are  calculated 
on  the  assumption  that  the  loi^tudinal  distance  aloi^  the  road 
between  spans  is  125  ft. 

Table  No.  39. 
S«K  or  Bpui  'Wira  uul  8bml&  on  Side  FoU«  for  Slncle  TroUey  Wii«. 
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Table  No.  40. 

I  of  Span  win  Mid  StMin  on  Bid*  FoIm  for  Two  TroUay  IFltM  10  Ti.  ■ 
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Tables  41  and  42  ^ve  the  deflection  whidi  iron  and  wooden  raSvay 
poles  may  be  expected  to  show  under  different  tendons  applwd  at  the 
top  28  ft.  above  the  ground. 

Tabi^  No.  42. 
OonsUnta  for  Woodan  PoIm. 
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In  pipe-poles  the  earth  is  the  weak  point.  Iron  poles  should  always 
be  set  in  concrete,  as  the  butt  of  the  pole  presents  too  small  a  surface 
to  secure  a  permanent  bearing  against  mere  earth. 

98.  While  the  iron  pole  presents  the  advantage  in  appearance, 
and  is  undoubtedly  of  greater  durability,  the  metal  of  which  it  is 
formed  being  an  excellent  conductor,  it  presents  the  disadvantage  of 
exposing  the  public  to  much  greater  danger  from  leaky  trolley  wires. 
The  wooden  pole  is  so  good  an  insulator  that  no  accidents  have  as  yet 
been  reported  from  leaks  through  the  pole.  With  the  iron  pole,  how- 
ever, there  are  many  cases  reported  where  either  animals  or  men 
have  received  severe  shocks  from  leaky  span-wires. 

64.  Feed-Wire  Insulators,  and  Pole-Tops.  —  In  addition  to 
providing  a  support  for  the  trolley  wire,  the  railway  pole  must  carry 
feed-wire,  guard-wire,  lightning  arrester,  cut-out  switches,  and  elec- 
tric light  fixtures,  and  perhaps  a  lighting  circuit.  The  pole-top 
becomes  an  important  feature  in  the  circuit.     Typical  pole-tops  are 
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shown  in  Figs.  88,  89,  90,  and  91.  The  device  illustrated  in  Fig.  88 
consists  of  a  casting  into  which  any  number  (up  to  seven)  of  iron 
supports  may  be  placed.  Each  support  carries  a  locust  pin  to  which 
any  desired  fonn  of  insulator  may  be  attached  for  sustaining  the 
feed-wires. 

In  Fig.  90  a  variety  of  pole-tops  are  shown,  all  of  which  are 
applicable  to  the  pipe-pole,  the  designs  being  arranged  to  meet  the 
usual  requirements  of  street-railway  work.     These  tops  are  made  to 


\  d 


be  insulated,  if  desired,  a  precaution  well  worth  the  slight  extra  ex- 
pense, as  leaky  trolley  wires  have  already  caused  sensible  damage  on 
iron-pole  lines. 

96.  For  wooden  poles  there  is  no  better  top  than  that  given  in 
Fig.  89,  especially  where  heavy  feeds  are  to  be  carried.  A  cheaper 
expedient  is  found  in  bolting  a  cross-arm  on  to  the  pole,  supplied 
with  wooden  pins  and  glass  insulators,  in  a  manner  precisely  similar 
to  that  of  the  ordinary  telegraph  construction. 

Fig.  91  represents  the  pole-top  used  in  Philadelphia.  In  this  case 
Ihe  feeder  system  is  undeipiJund,  the,  tap  running  up  through  the 
centre  of  the  pole.  The  span-wire  is  provided  with  a  special  break 
insulator  close  to  the  pole,  and  provision  is  made  for  guard-wire  and 
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lightning  arrester,  the  whole  device  being  worked  out  in  an  exceed- 
ingly mechanical  manner. 

96.  Trolley  Iiuolaton. — Insulators  for  supporting  trolley  wire 
have  presented  a  difficult  problem  to  mechanical  inventors,  owing  to 
the  severity  of  the  service  to  which  they  are  subjected.  Insulators 
are  usually  made  by  forming  a  bell  of  some  insulating  substance, 
which  b  hung  from  the  span-wire  or  pole-bracket.  The  trolley  wire 
is  suspended  by  a  dip  inserted  into  the  insulating  material  forming 


fli.M.    UixMii  Pit-Topt. 

the  bell.  The  general  arrangement  of  standard  forms  of  trolley  ins"' 
lators  is  indicated  in  Figs.  92  to  98  inclusive.  The  attachment  of 
the  trolley  wire  to  the  insulator  has  presented  one  of  the  greatesi 
difficulties  in  the  problem.  In  the  early  forms,  the  coimection  between 
the  trolley  wire  and  insulator  was  always  accomplished  by  soldering 
the  wire  to  a  semicircular  brass  or  bronze  support,  which  was  screwed 
to  the  under  side  of  the  insulating  bell-  This  practice  was  exceedingly 
objectionable,  from  the  fact  that  it  annealed  the  hard-drawn  copper 
used  for  the  trolley  wire,  and  from  the  difficulty  which  arose  in  making 
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a  chaise  whenever  the  insulator  was  worn  out  or  destroyed.  To 
obviate  these  defects,  a  multitude  of  devices  arose,  whereby  the  trolley 
wire  was  inserted  into  a  dip  split  through  the  center,  clasping  the  trolley 

I       I        I  I  I         '^'* 


wire,  which  was  prevented  from  falling  out  of  the  clip  by  a  screw,  or  nut, 
which  locked  the  two  halves  of  the  clip  holding  the  wire  in  position. 


f/j.  B/.     Palt-Tw  of 


The  difiSculty  of  soldering  was  thus  obviated,  and  by  loosening  the 
K>ck-nut,  the  insulator  could  at  any  time  be  set  free  from  the  wire. 
Such  an  arrangement  always  presented  the«difficulty  of  oflfering  a  slight 
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impediment  to  the  passage  of  the  trolley,  and  concentrating  the  wear 
of  the  trolley  wheel  upon  the  clips  in  such  a  manner  as  to  rapidly 
destroy  them,  allowing  the  wire  to  sooner  or  later  fall  from  the  insu- 
lator. As  these  objections  are  less  serious  than  those  presented  by 
the  method  of  soldering,  the  latter  design  is  often  adopted.  As 
trolley  insulators  must  be  adapted  to  all  kinds  of  line  construction,  a 
variety  of  forms  must  be  provided  to  meet  the  different  methods  of 
suspension.  Thus,  in  Figs.  92  and  93,  designs  are  indicated  for  span- 
wire  construction,  in  which  the  span-wire  is  placed  through  ears  on 
top  of  and  around  the  insulator.  Fig.  94  is  a  bracket  insulator  designed 
for  a  bracket  of  iron  pipe  to  be  secured  by  the  bolt  on  the  left  hand; 
Fig.  95  is  a  bracket  insulator  for  angle-iron  brackets;  Fig.  96  is  a 
straight-line  insulator  for  two  trolley  wires;  Fig.  97  is  a  double-curve 
insulator,  the  extended  ears  of  which  receive  the  pull-offs  that  hold  the 
curve  ia  position;  Fig.  98  shows  two  sectional  views  indicating  the 
interior  construction  of  insulators,  and  the  method  of  securinf; 
insulation.  The  lower  design  b  an  approved  form  for  500  volt 
D.  C.  circuits;  the  upper  one  can  be  used  on  single-phase  A.  C. 
lines.  By  varying  the  size  of  the  outer  shell  any  thickness  of 
insulation  can  be  secured.  To  secure  an  insulating  substance  from 
which  to  form  the  bells,  which  should  possess  sufficient  insulating  pro- 
perties to  be  safe  upon  a  five  hundred  volt  circuit,  and  strong  enough 
to  withstand  the  blows  of  the  trolley  wheel,  has  presented  the  greatest 
difficulty  in  this  problem.  Glass,  porcelain,  and  india-rubber  have 
been  tried  with  but  little  success.  Also  various  other  substances, 
such  as  mixtures  of  mica,  india-rubber,  asbestos,  etc.,  have  been 
experimented  with,  and  each  engineer  has  his  own  pet  insulator. 
It  is  probable,  however,  that  the  best  trolley  insulator  has  yet  to  be 
invented. 

97.  BailvaT  Lino  Work. — The  railway  circuit  is  chiefly  an 
aerial  line.  If  the  trolley  wire  were  extended  in  a  single  straight 
line,  its  erection  and  maintenance  would  be  relatively  a  simple 
matter.  On  the  contrary,  it  must  accommodate  itself  to  curves 
of  every  description,  intersect  other  lines,  and  afford  proper 
methods  of  switching;  and,  at  each  of  its  many  supports,  it 
must  be  thoroughly  electrically  insulated,  with  sufficient  me- 
chanical   strength    to    withstand    the    severe   usage    of   the   trolley 
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Fig.  07.     IMmait-Cant  Inmlatar, 


,y  Google 


140  THE  ELECTRICAL    TRANSMISSIOl/  OF  ENERGY. 

wheel.  There  are  three  points  in  every  trolley  line  deserving  of 
special  attention,  namely,  curves,  switc/ies,  and  cross-overs.  To  sus- 
tain the  trolley  wire  at  each  curve,  it  is  customary  to  plant  special 
guy-poles,  to  which  the  entire  curve  is  anchored  by  means  of  strain 
insulators  or  pull-offs ;  and  a  similar  method  is  adopted  wherever 
there  occurs  any  change  in   direction  of   the  trolley  wire,  as,  for 
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example,  in  the  case  of  turn-outs.  The  solution  of  all  problems  io 
railway  line  construction  may  be  readily  solved  by  careful  application 
of  the  principle  of  the  parallelogram  forces.  It  is  essential  to  study 
the  location  of  each  point  on  the  line  where  a  change  in  direction 
occurs,  and  determine  the  resultant  of  the  forces  which  act  upon  the 
trolley  wire.  As  all  electric  railway  work  is  held  in  place  by  means 
of  wire  guys,  all  forms  of  construction  are  always  in  tension,  and 
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must  be  designed  to  meet  this  form  of  stress  in  every  particular.  It 
is  hardly  practicable  to  give  diagrams  illustrating  all  the  possible 
forms  of  wire  construction  which  might  be  met  with.     In  Figs.  99, 


100,  101,  and  102  are  given  the  general  methods  which  are  in  common 
use  on  the  best  roads  for  curves  and  turn-outs,  in  which  the  location  of 
anchor  poles  and  method  of  staying  may  be  readily  seen.  To  ascer- 
tain the  correct  location  for  the  pull-off  pole,  or  poles,  for  a  curve. 
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draw  an  equilateral  triangle,  having  for  its  base  the  cord  of  the  arc 
formed  by  drawing  a  line  between  the  tangent  points  of  the  curve. 
The  last  two  span-wires  should  be  located  at  the  end  of  the  tan- 
gents, which  also  gives  the  location  of  the  base  of  the  triangle 
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AA'C,  Fig.  101.  The  apex  of  this  triangle  gives  the  best  location  for 
the  pull-o£f  pole  at  C.  If  it  is  inconvenient  to  locate  the  pole  here, 
it  is  permissible  to  move  it  slightly  forward  or  backward,  or  a  little 
to  the  right  or  left,  though  point  C  is  the  only  correct  location. 
An  expedient  sometimes  adopted  for  situations  of  this  kind  consists 
in  making  the  pull-ofifs  up  on  an  iron  ring,  and  carrying  a  pendant 
over  from  the  ring  back  to  the  pole,  which,  under  these  circum- 
stances, may  be  located  at  any  distance  along  the  line  CD.  If  pos- 
sible, the  guy-poles  E  and  F  are  advisable.  Right  and  left  curves 
may  be  built,  as  indicated  in  Fig.  102,  in  which  A  is  the  point  of 
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location  of  the  switch,  and  AC  and  AC"  the  two  curves  extending 
respectively  to  the  right  and  left.  The  pull-off  pole  is  located  in  a 
straight  line  at  B,  which  is  a  prolongation  of  AC,  each  half  of  the 
double  curve  being  treated  in  precisely  the  same  manner  as  indicated 
for  a  single  curve. 

88.  Strain  Insulators.  —  As  the  trolley  wire  must  be  retained 
by  tension  in  its  appropriate  place  along  the  curve,  a  form  of  insula- 
tor must  be  designed  which  shall  sustain  a  severe  lateral  pull.  Such 
an  insulator  has  already  been  alluded  to  in  Fig.  97.  Another  form 
of  a  similar  device  is  shown  in  Fig.  103.  The  trolley-wire  clip  is 
supported  by  a  goose-necked  rod,  the  end  of  which  is  protected  by 
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an  insulating  cover  of  vulcanized  rubber,  which  is  attached  to  the 
pull-off  wire  by  means  of  a  bail-shaped  swivel,  that  surrounds  the 
head  of  the  goose-neck.  Designs  for  pull-off  insulators  are  as 
numerous  as  those  for  trolley  insulators,  and  have  met  with  corre- 
sponding success.  It  is  frequently  necessary  to  stay  trolley  wire 
with  lateral  guys,  which  must  be  carefully  insulated ;  and  for  this 
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purpose  it  is  necessary  to  insulate  the  guy  from  the  trolley  wire  with 
a  strain  insulator.  The  strain  insulator  is  always  subjected  to  severe 
tension,  often  rising  to  several  thousand  pounds,  and  is,  further, 
under  constant  vibration  from  the  passage  of  t"he  trolley  wheel. 
Strain  insulators  in,  the  past  have  been  defective  from  weak  con- 
struction. A  good  form  is  indicated  in  Fig.  104,  which  consists  of  a 
strong  iron  bolt   carefully  overlaid  with  vulcanized  india-rubber,  as 


an  insulator.  A  disk  in  the  center  serves  the  purpose  of  a  break, 
preventing  the  lodgment  of  a  continuous  coating  of  snow  and  ice, 
Pull-offs  are  attached  to  either  end  of  the  guy-wire  by  means  of 
bail-shaped  swivels. 

The  putl-off  wires  should  be  made  of  f"  or  J"  steel  cable,  care- 
fully and  neatly  secured  to  the  insulators  and  other  attachments. 
All  guy-poles  to  which  strain  insulators  are  attached  must  be 
specially  heavy,  and  exceedingly  securely  set  with  an  extra  amount 
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of  outward  rake,  with  especial  attention  directed  to  the  security  dl 
foundation.  Moreover,  insulators,  turn-buckles,  puII-ofFs,  and  other 
fixtures  upon  which  special  stress  is  concentrated,  should  receive 
particular  attention,  in  view  of  the  severity  of  service  which  they 
are  called  upon  to  endure. 


Fti.   105    Mttlni  ef  AiKlmiiit  Slusl*  lint. 

eo.  Anchors.  —  At  the  end  of  every  curve  and  turn-out,  and  as 
often  as  every  2500  ft.  in  the  tangents,  the  trolley  line  should  be 
anchored  in  both  'directions  by  means  of  ears  which  are  soldered  to 
the  wire.  The  object  of  the  anchoring  is  to  sustain  the  line  in 
both  directions,  so  that  in  case  of  rupture  of  the  trolley  wire,  only 
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a  comparatively  short  length  of  line  will  be  pulled  down  and  thrown 
out  of  service.  In  default  of  the  provision  of  anchoring,  instances 
have  been  known  when  the  overhead  system  of  an  entire  railway  fell 
flat  to  the  earth,  owing  to  the  rupture  of  the  trolley  wire  at  a  single 
point.  The  method  of  constructing  the  anchors  is  indicated  in  Figs. 
105  and  106. 
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A  metallic  clip,  similar  in  general  shape  to  a  trolley  line  clip,  is 
soldered  to  the  wire,  from  which  four  guys  are  extended  to  the 
nearest  line-poles  in  such  a  way  as  to  sustain  the  longitudinal 
tension  of  the  trolley  wire  in  both  directions.  These  guys  must  be 
carefully  insulated  by  appropriate  strain  insulators.  Diagrams  105 
and  106  indicate  clearly  the  methods  to  be  adopted  in  both  the  case 
of  a  smgle-  and  a  double-track  road. 

100.  Iiine  Seotioiu, — As  short  circuits  are  a  matter  of  frequent 
occurrence  in  street  railway  work,  it  is  customary  to  split  the  trolley 
wire  and  the  feeder  system  into  a  number  of  independent  sections, 
by  introducing  section  insulators  into  various  parts  of   the  trolley 
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wire,  so  that  a  ground  may  interrupt  the  traffic  on  only  a  small  por- 
tion of  the  line.  An  approved  form  of  section  insulator  is  shown  in 
Fig.  107  and  consists  of  two  trolley  wire  clips  which  are  separated  by 
a  heavy  strain  insulator.  The  ends  of  two  adjacent  sections  of  the 
trolley  wire  are  carried  into  the  metal  clips  ■ind  firmly  soldered  into 
place,  the  strain  insulator  serving  as  an  electn,  '1  break  between  the 
sections,  and  at  the  same  time  ensures  mechanical  ontinuity,  so  that 
the  trolley  wheel  may  pass  the  section  insulator  with,  't  leaving  the 
wire. 

101.  Switdiee.  —  The  perfect  overhead  switch,  like  the  ;-erfect 
trolley  insulator,  has  yet  to  be  devised.  All  the  arrangements  so  far 
provided  for  this  purpose  have  been,  almost  invariably,  open  to  the 
objection  that  they  cause  the  trolley  to  run  off  the  wire.     Two  of 
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the  best  forms  which  have  yet  been  placed  on  the  market  are  shown 
in  Figs.  108  and  109. 

From  the  illustrations,  the  device  is  seen  to  be  a  met^  casting 
furnished  with  ears  for  the  reception  of  the  trolley  wires.  On  one 
end  the  switch  is  provided  with  a  single  ear  for  securing  one  section 
of  the  wire,  while  on  the  other  side  the  switch  is  split  into  two,  three, 


' 


fig.  108.    Two-JWat  SvltcS. 

or  more  parts,  depending  upon  the  number  of  diverging  lines  which 
radiate  from  the  switch.  The  setting  of  the  switch  on  the  overhead 
line  is  a  matter  of  considerable  care ;  and  it  is  only  by  the  most 
skillful  placing  of  the  switch  that  the  trolley  wheel,  under  any  cir- 
cumstances, can  be  coaxed  to  remain  upon  the  line.  The  proper 
location  of  the  switch  is  shown  in  Fig.  110,  in  which  the  dotted  line 
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indicates  the  true  path  described  by  the  trolley  wheel,  while  the 
heavy  central  line  indicates  the  correct  position  of  the  switch,  which 
should  be  located  at  the  center  of  the  arc  described  by  the  trolley. 
Double-track  roads  never  require  switches,  excepting  where  two  or 
three  lines  radiate  from  a  single  point ;  and  as  such  intersections  are 
rare,  the  car  conductor  can,  at  these  points,  be  expected  to  give 
especial  attention  to  keeping  the  trolley  wheel  in  proper  place.*   In  a 
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single  track  it  is  necessary  to  have  two  switches  at  every  turn-out. 
To  avoid  the  difficulties  introduced  by  switches,  it  is  now  custom- 
ary to  run  a  double  trolley  wire  over  single-track  roads.  While  at 
first  this  might  seem  a  useless  expenditure  for  wire,  it  must  be  recol- 
lected that  the  additional  amount  of  copper  employed  in  a  double 
trolley  wire  may  be  deducted  from  the  feed-wire ;  and,  as  the  trolley 
wire  is  uninsulated,  it  is  cheapyer  in  proportion  than  the  feeds.  The 
trolley  insulators  are  more  expensive,  but  the  extra  cost  entailed 
in  this  direction  is  more  than  compensated  by  the  decreased  expense 
in  annual  maintenance  of  trolley  wheels  and  switches. 

102,  Line  CroBsinga.  —  Where  two  different  railways  intersect 
each  other  that  do  not  use  the  same  power  station,  it  is  necessary  to 
so  arrange  the  overhead  lines  on  all  crossings  as  to  render  the  roads 
electrically  separate  from  each  other.  Each  road  must  have  an  inde- 
pendent trolley  right  of  way,  that  is  electrically  entirely  distinct  from 
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that  of  its  neighbor,  and  yet  neither  road  must  place  any  mechanical 
obstacles  that  will  interfere  with  the  free  passage  of  the  other  trolley. 
A  number  of  automatic  devices  have  been  proposed  as  solutions  of 
the  cross-over  problem,  a  typical  form  employing  a  light  but  stiff 
horseshoe-shaped  casting  suspended  by  the  usual  hanger  from  the 
span  wire  or  bracket.  One  trolley  wire  is  hung  in  the  upper  part  of 
the  inverted  U  thus  formed,  by  the  usual  form  of  trolley  wire  insula- 
tor, and  always  runs  continuously  through  the  cross-over.  The  other 
line  enters  either  end  of  the  U-shaped  casting,  and  normally  is  open 
at  this  point,  thus  always  affording  a  free  passage  for  the  trolley 
wheel  of  the  first  or  upper  line.  To  close  the  lower  line  a  swinging 
bridge  is  arranged,  that,  on  the  approach  of  a  trolley  wheel  belong- 
ing to  the  lower  line,  swings  into  position  across  the  gap  in  the  U, 
providing  a  complete  path  for  the  trolley  wheel.  While  inventions 
of  this  class  are  exceedingly  ingenious,  and  are  mechanically  s 
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ful  under  ordinary  circumstances,  they  are  likely  to  fail  in  stormy 
weather,  just  at  a  time  when  the  road  is  most  heavily  loaded,  and 
their  service  most  in  demand. 
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The  illustration.  Fig.  Ill,  is  a  representation  of  the   overhead 
system  of  two  intersecting  and  two  branch  railway  lines.    The  loca- 
tions of  the  switches  and  cross-overs 
are  readily  seen. 

lOS.     Prevailing     current    practice 

adopts  either  0,  00,  or  000  B.  &  S.  wire 

y7       J   /       )■  C       for  the  trolley.    Some  efforts  have  been 

r      *1(^     ^ff     ■1     ™3''^  to  manufacture  a  wire   more  or 

^**^  V.it-' \.i_i^J^     less    in    the   shape    of  the    figure    8, 

"»■"'■   rraftoi,  h-j™.  upon   the   theory  that  such   a  section 

■would  be  more  readily  and  securely  fastened  in  the  insulator-clips. 

Trolley  wires  of  this  section  are  illustrated  in  Fig.  112,  and  in  many 

respects   the   experience    therewith   has  been    satisfactory.     Many 

efforts  have  been  made  to  use  some  of  the  bronzes  for  trolley  wire 

upon  the   theory  that  the  harder  metal  would  wear  longer.     The 

increased  resistance  and  expense  of  all  such  attempts  have  been  so 

great  as  to  discourage  engineers  from  further  efforts  in  this  direction. 
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CHAPTER   V. 
oomninonoN  of  **»*t*t.  oxrouits. 

FSOTECnON. 

104.  Every  electrical  circuit  is  presumably  designed  to  safely 
carry  (with  a  fair  margin)  a  certain  definite  current  and  pressure. 
If  this  normal  current  and  pressure  be  seriously  exceeded,  either 
the  circuit  or  apparatus  attached  thereto  may  be  injured,  or  may 
become  a  menace  to  its  environments.  There  are  three  sources  of 
danger:  An  overload  may  occur  from  derangement  of  the  apparatus 
attached  to  the  circuits,  or  by  crossing  with  another  line  carrying  a 
greater  current  or  pressure,  or  by  forcing  the  circuit  to  a  greater 
duty  than  it  was  designed  to  perform. 

Aerial  lines  are  exposed  to  incursions  of  electricity  from  atmos- 
pheric causes,  or,  in  vernacular,  may  be  "struck  by  lightning. " 

Alternating  circuits  carry  electricity  in  the  forms  of  waves,  and 
under  special  conditions  the  waves  emitted  by  the  alternators  may  so 
synchronize  with  the  natural  period  of  vibration  of  the  circuit  as  to 
cause  what  is  termed  (from  its  analogy  to  a  similar  acoustic  action) 
resonance.  This  resonance  effect  may  develop  a  potential  so  much 
greater  than  that  for  which  circuit  was  designed  to  cany  as  to 
become  injurious.  Similar  results  occasionally  are  due  to  the  sud- 
den opening  of  switch  or  an  accidental  short  circuit,  which  produces 
a  rush  of  electricity  whose  operation  is  exceedingly  mischievous 
unless  provided  for.  To  avoid  injury  to  lines  and  apparatus  and  to 
secure  continuity  of  action  it  is  desirable  to  protect  circuits  in  as 
thorough  a  manner  as  possible  from  the  contingencies  described. 
106.  Protective  devices  can  be  divided  into  two  classes. 
1st,  Overload  protectors  or  those  which  are  designed  to  guard 
circuits  against  the  imposition  of  too  great  a  burden  of  current. 

2d.  Static  protectors,  those  devices  which  are  designed  to  re- 
lease the  circuit  from  the  electric  stress  due  to  sudden  impulsive 
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rushes  of  electricity  that  may  arise  either  from  atmospheric  causes 
or  resonant  action. 

loe.  Overload  apparatus  may  be  divided  into  two  classes — ' 
fuses  and  automatic  circuit-breakers.  The  fuse  is  the  earliest, 
simplest,  and  cheapest  form  of  protection.  It  consists  of  a  short 
piece  of  conductor,  designed  to  melt  when  the  current  has  reached 
a  predetermined  value,  inserted  in  the  circuit  at  desirable  points. 
The  fusing  of  this  portion  of  the  circuit  causes  a  gap  in  the  line 
which  opens  the  circuit,  and  for  the  time  being  relieves  it  of  further 
duty.  The  laws  governing  the  heating  and  fusing  of  conductors 
are  discussed  in  Chapter  XI,  so  that  here  only  the  mechanical  and 
protective  features  of  fuses  will  be  considered.  The  first  desideratum 
is  reliability,  that  is  to  say,  a  fuse  must  be  able  to  constantly  and 
uniformly  carry  the  normal  load  for  which  the  circuit  is  designed, 
and  it  must  equally  surely  fail  when  the  circuit  is  subjected  to 
predetermined  overload.  Second,  when  the  fuse  fails  it  must 
promptly  open  the  circuit  and  destroy  the  arc  which  at  once  forms 
across  the  gap  which  was  bridged  with  the  fuse.  Lastly,  fuses 
must  be  so  designed  that  they  may  be  easily  and  rapidly  replaced 
after  failure,  in  order  that  the  operation  of  the  plant  may  not  be 
interfered  with  for  an  unreasonable  period  of  time.  Usually  fuses 
are  constructed  of  a  wire  or  strip  of  some  lead-tin  alloy,  which  has 
a  low  melting-point.  The  simplest  form  of  fuse  is  a  lead  wire 
which  is  secured  under  the  head  of  a  couple  of  bolts  and  spans  to 
a  gap  in  a  porcelain  block.  For  circuits  carrying  very  small 
amounts  of  energy  such  a  device  is  fairly  sufficient,  but  owing 
to  inequality  in  alloys,  variations  in  size  of  the  fuse  wire,  and 
changes  in  the  temperature  of  the  environment,  fuses  of  this  de- 
scription are  exceedingly  unreliable,  and  may  either  be  injurious 
because  they  blow  at  too  low  an  overload,  or  fail  to  protect  by 
transmitting  a  sufficient  amount  of  current  to  harm  other  portions 
of  the  circuit.  When  a  fuse  of  this  description  is  placed  in  a  cir- 
cuit carrying  a  large  amount  of  enei^,  the  arc  which  is  necessarily 
formed  at  least  for  a  moment  at  the  instant  of  rupture  volatilizes  the 
metal  of  the  fuse,  which  then  forms  a  conducting  vapor  across  the 
gap,  and  continues  the  arc  sometimes  with  almost  explosive  violence. 
To  remedy  these  difficulties  protection  by  fuses  is  very  much  improved 
by  making  the  fuse-gap  long  and  enclosing  the  fuse  inside  of  an  insu* 
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lating  incombustible  tube,  which  may  be  packed  with  various  com- 
positions tendii^  to  prevent  or  destroy  the  formation  of  an  arc.  The 
D.  &  W.  fuse  is  representative  of  this  type  of  protector  and  is  illus- 
trated in  Fig.  113.  On  a  porcelain  block  a  pair  of  brass  clips 
are  secured,  provided  with  terminals  for  the  reception  of  the  line 
wires.  The  fuse  case  consists  of  a  piece  of  fiber  tube,  furnished  with 
metallic  caps  at  its  ends,  through  the  center  of  which  the  appropriate 


aze  fuse-wire  is  stretched,  while  the  interior  of  the  tube  is  filled 
with  a  composition  designed  to  prevent  the  formation  of  an  arc. 
This  device  aims  to  fulfill  all  desired  conditions,  for  the  tube  pro- 
tects the  wire  from  air  currents  and  maintains  it  at  nearly  a  con- 
stant temperature,  so  its  blowir^  is  assured  within  reasonable  varia- 
uons  of  load.  As  the  fuse  is  enclosed  the  melted  metal  formed  by  the 
rupture  of  the  wire  does  no  harm,  while  the  length  of  gap  and  arc- 
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suppressing  compound  are  sufficient  to  prevent  the  continuation  of 
an  arc  and  consequent  possibility  of  fire.  Lastly,  the  spring-dips 
provide  a  means  vhereby  the  fuse  may  be  quickly  replaced  after  failure. 
A  little  mechanical  ingenuity  will  adapt  this  form  of  protection  to 


lOfiWi  rolt  Fuit  Cut-out. 


almost  any  kind  of  circuit.  In  Fig.  114  a  high-tension  cut- 
out is  shown  that  is  designed  to  protect  10,000  to  20,000  volt  alter- 
nating circuits.  In  Fig.  115  a  set  of  telephone  protectors  are  showiL 
These  may  be  of  either  the  single-pole,  as  at  A,  or  double-pole  type,  as  at 


B.  There  is  the  marble  base  upon  which  two  fuses,  similarly  designed  to 
those  of  Fig.  113,  are  mounted.  In  addition  the  protector  is  suppUed  with 
a  heat-coil,  the  office  of  which  is  to  open  the  hne  upon  the  incursion 
of  too  small  a  current  to  aSect  the  fuse-wire.     In  the  brass  cap  in 
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the  center  of  the  instrument  two  carboa  plates  are  located,  separated 
by  a  thin  strip  of  mica  which  forms  a  short  spark-gap  and  protects 
the  line  from  high-tension  discharges.  Thus  on  a  single  base  plate  a 
Vightning,  or  static,  arrester,  an  overload  fuse,  and  a  sneak  current  pro- 
tector are  combined. 

107.  The  term  "automatic  circuit-breaker"  includes  a  great 
variety  of  switches,  which  contain  a  releasing  apparatus  usually  oper- 
ated electro-magnetically,  so  designed  that  when  an  abnormal  current 
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traverses  the  line  an  electro-magnet  is  excited,  that  operates  a  trigger, 
releasing  a  spring,  whose  office  is  to  open  the  blades  of  a  switch.  While 
the  automatic  circuit-breaker  is  much  more  expensive  than  the  fuse, 
it  is  correspondingly  more  desirable,  for  it  is  capable  of  working  upon 
a  very  much  closer  margin  of  overload;  and  it  can  be  adjusted  over 
very  wide  ranges  of  load,  is  not  destroyed  when  it  operates,  and  can 
be  replaced,  closing  the  circuit  with  but  a  moment's  loss  of  time. 
The  technical  elements  of  the  circuit-breaker  are  shown  in  Fig.  116, 
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an  early  type  of  the  Westinghouse  breaker.  The  line  wire  is  brou^t 
to  a  marble  base  and  connected  there  to  a  coil  that  surrounds  an  iron 
plunger  which  may  be  weighted  to  any  desired  amount.  Nonnally 
the  plunger  rests  upon  a  stop,  but  when  an  oveiload  occurs  the 
magnetism  of  the  coil  is  increased  until  it  is  able  to  lift  the  plunger 
from  its  stop,  causii^  it  to  strike  a  trigger,  which  releases  a  lever  that 
opens  the  blades  of  the  switch.  In  order  to  obviate  a  destructi« 
arc  between  these  switch-blades  two  carbon  blocks  F  P  are  arranged 
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to  rub  along  the  plates  G  and  G'.  The  arc,  instead  of  taking  place 
between  the  switch-blades,  forms  between  the  carbons,  which  can  be 
easily  replaced  when  consumed.  With  the  development  of  electrical 
circuits  the  automatic  circuit-breaker  has  grown  proportionally,  until 
now  it  is  a  device  capable  of  safely  handling  thousands  of  amperes 
and  working  with  clockUke  precision.  Fig.  117  reprpserts  a  well- 
known  type  of  circuit-breaker  manufactured  by  the  General  Electric 
Company,  and  may  be  obtained  in  various  sizes  capable  of  handling 
up  to  10,000  amperes. 
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108.  Circuit-breakers  built  on  the  general  plan  outlined  may  be 
designed  for  both  continuous-  and  alternating-current  circuits.  The 
breaker  illustrated  in  Fig.  118  is  of  the  type  manufactured  by  the 
Westinghouse  Company,  designed  for  a  three-phase  alternating-cur- 
rent circuit.  The  apparatus  is  mounted  upon  a  substantial  marble 
block,  with  marble  shields  placed  between  each  of  the  poles,  and, 
though  built  upon  a  large  scale  and  capable  of  handling  an  enormous 
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amount   of  current,  does   not   differ  in  intrinsic  principles  from  the 
early  type  of  Fig.  116, 

For  circuits  of  high  voltage  and  heavy  currents  it  is  difficult  to 
handle  the  arc  which  is  fonned  at  the  moment  of  rupture.  For 
such  circuits-  it  is  customary  to  immerse  the  blades  of  the  circuit- 
breaker  in  oil  and  thus  destroy  the  arc  that  otherwise  would  be 
destructive.  Fig.  119  shows  the  Westinghouse  design  for  this  type 
of  appiij^i""!  ?rT-.nged  for  a  triphase  circuit.  There  are  three  fire- 
proof brick  chambers,  in  each  of  which  an  oil-reservoir  is  placed 
in  which  the  switch-blades  are  immersed.  The  switches  are  con- 
trolled by  a  system  of  levers  operated  by  spntags  placed  upon  the 
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top  of  the  oil-chamber.  Sometimes  compressed  air  is  employed  as 
the  motive  power  for  such  circuit-breakers  and  the  switches  worked 
much  after  the  fashion  of  a  car-brake.  But  in  all  cases  aa  electro- 
magnetic mechanism  is  provided,  capable  of  adjustment  so  that  the 
circuit-breaker  can  be  arranged  to  open  at  any  desired  amperage. 
So  great  electrical  and  mechanical  perfection  has  been  developed 
that  automatic  circuit-breakers  are  now  commonly  manufactured,  so 
that  they  may  be  adjusted  to  open  upon  a  current  f  om  one-half  to 
t%vice  the  normal  load  of  the  circuit  for  which  they  are  designed. 

108.  All  electrical  circuits,  and  particularly  those  fo.-  electric 
railways,  are  often  subjected  to  momentary  overloads,  and  if  the 
circuit-breaker  opened  with  every  Quctuation  of  current,  the  interrup- 
tions to  service  would  become  intolerable.  As  such  overloads  last 
but  for  a  few  seconds,  the  circuit,  unless  the  burden  is  exceptionally 
severe,  is  not  injured  thereby.  To  obviate  this  difficulty  circuit- 
breakers  are  often  supplied  with  what  is  called  a  time-Umil  relay. 
This  consists  of  a  spring-motor  which  can  be  so  set  that  it  will  not 
allow  the  circuit-breaker  to  open  unless  the  overload  continues  for  a 
predetermined  time,  say  from  one  to  ten  seconds.  So  the  constant 
opening  of  the  circuit  due  to  a  momentary  overload  (which  if  con- 
tinued would  become  disastrous)  is  avoided,  and  yet  the  circuit  is 
amply  protected. 

110,  For  circuits  carrying  small  currents  at  very  high  potentials 
the  magnetic  circuit-breaker  is  not  well  adapted,  and  the  device 
shown  in  Fig.  120  has  proved  itself  superior  and  is  largely  used  upon 
transmission  lines  carrying  from  10,000  to  80,000  volts. 

The  circuit-breaker  consists  of  two  hardwood  poles,  one  longer 
than  the  other,  mounted  upon  a  marble  base,  to  which  the  terminals 
of  the  mains  are  connected.  The  poles  are  connected  by  a  hinge, 
so  that  they  may  drop  into  the  positions  shown  in  Figs.  120  and  121. 
The  main  arm  is  hinged  at  the  bottom  and  carries  on  top  two  zinc  jaws 
which  clamp  one  end  of  a  fuse.  The  upper  end  carries  the  switch- 
plate  which  fits  into  the  jaws  to  which  the  terminals  of  lines  are  attached. 
The  fuse  extends  from  the  top  of  the  main  arm  through  an  insulated 
tube  containing  a  non-conducting,  non-arcing  powder,  and  is  attached 
to  the  top  of  the  second  arm.  In  case  of  overload  the  fuse  is  ruptiired 
and  at  the  instant  after  failure  is  drawn  through  the  tube  and  thus  the 
arc  is  extinguished.    When  the  fuse  fails  the  arm  drops  into  the  lower 
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position  shown  in  Fig.  120,    whereby  an  enormous  gap  is  provided 
through  which  it  is  impossible  for  the  arc  to  follow.   In  the  Donnal  posi- 


tion, current  entering  at  the  upper  terminal  passes  to  the  zinc  jaw,  then 
throu.^li  tin-  fuse  to  the  auxiliary  arm  through  a  cable  contained  thereinto 
the  I  WIT  blade  on  the  main  arm,  and  thence  through  the  lower  tenninal 
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To  release  the  switch  intentionally,  a  pull  upon  a  rope  opens  the  jaws, 
setting  one  end  of  the  fuse  free,  which  is  drawn  through  the  tube,  the 
avixiliary  arm  falling  to  the  horizontal  position,  as  shown  in  Fig.  121. 
This  breaks  the  circuit,  and  the  main  arm  may  now  be  unlocked  and 
swung  to  the  position  of  Fig.  120. 

The   switch    of    Fig.    120  is  designed   for   voltages  of  50,000  to 
80,000.    Fig.  122  is  one  for  potentials  from  20,000  to  30,000,  and 
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termed  a  flug  switch.  It  consists  of  a  long  wood  handle,  on  the  upper 
end  of  which  is  a  contact-piece  made  to  fit  over  a  tapered  terminal 
mounted  near  the  top  of  the  board,  out  of  reach  of  the  attendant.  The 
contact-piece  has  a  flexible  cable,  the  other  end  of  which  connects  with 
the  lower  terminal,  inserted  into  the  marble.  The  connection  between 
cable  and  lower  terminal  is  through  the  medium  of  a  removable  plug 


,y  Google 


160 


THE  ELECTRICAL    TRANSMISSION  OF  ENERG  Y. 


surrounded  by  a  hard-rubber  handle  protected  by  a  rubber  guard.  A 
locking  device  prevents  the  circuit  being  broken  at  this  point.  The 
contact-piece  at  the  top  has  a  projection  forming  a  slide   between 


N    I 


the  hard-rubber  guide.     A  straight-line  motion  is  thus  assured  and 
danger  of  breaking  or  bending  the  terminal  removed. 

The  circuit  is  opened  by  pulling  the  handle  down,  thus  releasing 
the  contact-piece  from  the  taper  plug  and  then  swinging  it  back  over 
the  shoulder,  movii^  away  from  the  board  until  the  arc  is  ruptured. 
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An  arc  of  considerable  length  may  be  fonned  without  damaging  the 
switch,  as  the  breaking-points  are  zinc-tipped. 

111.  The  earliest  form  of  lightning-protector,  or  what  is  now  some- 
times (though  erroneously)  called  a  static  protector,  consisted  in  a 
small  air-gap  between  either  one  or  both  sides  of  the  circuit  and  the 
ground.  Usually  such  air^aps  took  the  form  of  one  or  more  serrated 
plates,  and  so  long  as  the  problem  was  merely  the  protection  of  tele- 
phone and  telegraph  circuits  from  atmospheric  electricity  this  device 
answered  after  a  fashion,  though  it  was  by  no  means  satisfactory. 
Protectors  of  this  kind  were  based  upon  a  theory  that  the  high  poten- 
tial of  a  discharge  would  jump  the  air-gap  of  the  plates  rather  than 
traverse  other  apparatus  possessing  considerable  impedance.  It  is 
now  believed  that  the  phenomena  sometimes  ascribed  to  the  action 
ot  atmospheric  electricity,  sometimes  to  the  resonant  action  of  the 
lines,  and  sometimes  to  so-called  "static"  effect  consist  of  a.  great 
number  of  very  rapid  electrical  oscillations,  and  that  the  impedance  of 
even  a  straight  rod  is  sufficient  to  cause  a  discharge  to  spit  off  in  all 
directions.  So  the  first  step  in  improvement  of  protectors  of  this 
nature  was  to  increase  the  number  of  spark-gaps. 

112.  High-BeoUtance  Arresters  have  been  made,  consisting  of 
a  number  of  thin  metal  plates,  each  separated  from  the  other  by  means 
of  a  sheet  of  mica  or  other  infusible  insulating 
substance.  The  line  is  connected  to  the  top 
plate,  while  the  bottom  plate  is  in  electrical 
communication  with  the  ground.  On  the 
occurrence  of  a  lightning  flash  the  enormous 
electromotive  force  of  the  discharge  is  sup- 
posed to  enable  the  current  to  find  its  way 
over  all  of  the  insulating  gaps  and  to  ground, 
while  the  gaps  introduce  sufficient  resistance 
to  prevent  the  continuance  of  an  arc  after  the 
atmospheric  discharge  has  ceased.  This  form 
of  lightning-arrester  is  exemplified  in  Fig. 
123.  From  its  simplicity  this  invention  has 
received  quite  wide  introduction. 

The  life  of  this  arrester,  however,  is  short, 
(Wing  to  the  fact  that  at  each  discharge  globules  of  molten  metal  are 
likely  to  form  on  the  edges  of  the  disks  that  bridge  across  the  insulating 
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gaps,  and  in  a  short  time  completely  eliminate  them,  thus  short-circuitiiig 
the  line  to  earth. 

An  improved  fonn  of  this  protector  is  shown  in  Fig.  124,  in  Trfuch 
^  is  an  elevation  and  B  a  section.    There  are  two  nests  of  concentric 
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cylinders  secured  by  an  insulating  porcelain  base.    The  line  is  con- 
nected to  the  inside  cylinder,  while  the  outer  ones  are  grounded.    Each 
gap   is  -[V  inch  wide;  the  end   o!   each  cylinder 
flares;  and  each  is  perforated  with  a  number  oi 
holes  to  allow  free  access  of  air. 

In  the  operation  of  the  arrester  the  lightning 
enters  from  the  line  to  the  central  cylinder,  jump- 
ing the  gaps  in  the  narrower  portions  of  the 
arrester  and  passing  from  the  outer  cylinder  to  the 
ground  connection.  If  the  dynamo  current  follows 
the  lightning,  a  current  of  air  is  at  once  estaV 
Fig.  12*  ft  lished  through  the  perforations  of  the  porcelain  caps 

and  between  the  cyhnders.  This  air-current  blows  the  arc  upward  into 
the  spaces  between  the  flaring  ends  of  the  cylinders,  where  the  arc  is 
instantly  ruptured  on  account  of  the  increased  distance  between  the 
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tonical    tops  and  on  account  <rf    the  increased  suiface  of    metal 

exposed. 

113.    The  Magnetio  Blow- 
Out    Arrester.  —  This  appara-    ] 
tus,  invented  by  the  Thomson 
Houston    Company,    is    repre- 
sented   in    Fig.  125.    It    con- 
sists of  a  coil  of  wire,  in  series 
with    the   line   and   apparatus 
to    be    protected,  formii^   the 
helix     of     an     electro-magnet, 
between  the  poles  of  which  axe 
placed  two  cam-shaped  pieces 
of  metal,  one  being  connected 
to   the   line   and  the   other  to 
earth,  and  which  are  separated 
by    a    small    air-gap.     Under 
an  atmospheric   dischai^e   the 
electro-magnet    presents    sufE- 
cient  impedance  to  divert  the  flash,  and  make  it  cross  the  air-gap 
between  the  cam-shaped  pieces  of  metal,  while  the  arc  which  is  thus 
formed,  being  in  a  strong  magnetic  field,  is  extinguished  by  the  action 
of  the  electro-magnet.     For  central-station  work  this  has  proved  an 
efficient  and  valuable  instrument. 

114.  There  seem  to  be  three  ways  in  which  a  thunder-cloud  may 
affect  a  transmission  line.  First,  by  direct  discharge  from  the  cloud 
to  the  line.  This  is  probably  of  very  rare  occurrence  and  would 
usually  be  of  sufficient  severity  to  render  protection  impracticable. 
Second,  by  electro-magnetic  induction;  that  is,  a  flash  in  the  vicinity 
of  a  line  might  create  a  sufficient  electro-magnetic  field  to  produce  a 
disturbance  upon  a  neighboring  wire,  but  it  is  very  doubtful  if  this 
ever  occurs.  Lastly,  there  is  the  effect  of  electro-static  induction, 
which  probably  takes  place  frequently.  The  whole  of  a  transmission 
line  and  its  accompanying  apparatus  may  be  regarded  as  a  conductor 
insulated  from  the  earth. 

Suppose  ft  heavily  charged  cloud  to  move  toward  the  transmission 
line;  by  the  laws  of  electro-static  induction  there  will  be  a  charge,  say 
poMtive,  set  free  upon  the  transmission  system.    If  the  advent  of  the 
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cloud  be  gradual,  this  charge  wiU  leak  to  earth  throii^h  the  insulation 
iritbout  inflicting  any  injury;  if  not,  it  will  either  spit  off,  or  will  find 
some  weak  point  in  the  msulation  to  puncture  with  a  corresponding 
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injuiy.  Assume  now  that  the  cloud  suddenly  discharges  itself  by  a 
flash;  the  negative  static  chaise  which  was  previously  induced  on  the 
transmission  line  was  bound  by  the  presence  of  electricity  in  the  cloud,  but 
is  now  set  free  and  surges  to  and  fro  on  the  line  in  an  endeavor  to  scdc 
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earth.  Either  the  insulation  of  the  line  must  be  strong  enough  to 
withstand  these  pulsations  until  they  die  away,  or  a  harmless  path  must 
be  provided  for  their  discharge,  or  the  insulation  of  the  line  or  some  of 
its  apparatus  will  be  punctured  and  destroyed.  It  is  the  object  of  the 
modem  lightning-arrester  to  provide  for  such  contingencies,  and  the 
proper  function  of  the  lightning-arrester  is  to  obviate  such  an  abnormal 
rise  of  potential  in  any  part  of  the  circuit  or  translating  devices  as 
will  exceed  the  proper  factor  of  safety  of  the  insulation.  The  modem 
anester  essentially  consists  of  a  number  of  specially  designed  spark- 
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gaps  between  the  line  and  the  ground,  while  all  apparatus  is  protected 
by  choking-coils.  In  this  highly  developed  form  the  protector  is 
shown  in  Fig.  126.  It  consists  of  a  marble  panel,  carrying  the  spark- 
gaps  to  which  the  line  is  attached  by  a  short  straight  wire.  On  the 
apparatus  side  a  choking-coil  is  placed  as  shown.  The  apparatus 
upon  the  marble  slab  consists  of  two  sets  of  air-gaps.  These  gaps  are 
made  of  non-arcing  metal  (whose  pecuUarities  will  be  presendy 
explained),  mounted  as  shown  in  Fig.  127;  while  the  circuit  is  shown 
in  Fig.  128,  from  which  it  is  seen  that  the  line  is  coimected  to  a  set  of 
scries  gaps.    Succeeding  this  is  another  set  of  gaps  which  is  shunted 
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by  a  resistance  R,  and  lastly  there  is  a  non-inductive  series  resistance 
to  ground.  The  operation  is  as  follows:  When  the  potential  at  A 
rises  sufficiently  the  series  gaps  a.re  broken  down  and  the  discharge 
takes  place.  If  this  is  heavy,  the  shunt  resistance  R  forces  it  to  cross 
the  shunted  gaps  and  thence  through  the  series  resistance  to  ground. 
The  arc  which  follows  is  then  withdrawn  from  the  shunted  gaps  by 
the  shunt  resistance,  and  is  gradually  suppressed  in  the  series  gaps  1^ 
both  resistances.  By  properly  proportioning  the  number  of  gaps  it 
is  easy  to  construct  such  an  arrester  to  discharge  at  almost  any  pre- 
determined excess  of  potential  over  that  normally  designed  for  the 
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line.  Arrestere  of  this  type  may  be  designed  for  any  voltage  froiB 
1000  to  50,000  and  have  been  highly  successful. 

Attention  has  been  called  to  the  fact  that  the  sudden  opening  or 
closing  of  a  switch  or  a  short  circuit  or  other  resonant  action  may  set 
up  electrical  suites  in  a  transmission  line  that  are  likely  to  be  highly 
injurious.  Now  these  suites  differ  in  nowise  from  the  electrostatic 
phenomena  produced  by  a  lightning  flash,  and  therefore  the  same 
apparatus  which  protects  from  atmospheric  disturbances  will  also 
operate  to  guard  the  line  from  injurious  electrical  waves  incident  to 
its  own  operation. 

IIB.  The  so-called  tank  lightning-arrester  has  been  found  par- 
ticularly applicable  to  the  direct-current  system  of  electric  railways. 
This  arrester  is  illustrated .  in  Fig.  129.  Between  the  line  and  the 
generators  a  marble  base  is  placed,  containing  a  number  of  choke- 
coils.  The  coils  are  divided  into  several  sections,  and  from  each  sec- 
tion a  conductor  passes  to  the  tank.  The  tank  is  provided  with  an 
outlet  so  arrai^ed  that  a  stream  of  water  may  be  kept  running  throu^ 
it.    A  static  discharge  passing  along  the  line  encounters  the  impe- 
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dance  of  the  choking-coils  and  follows  the  conductors  to  the  water  of 
the  tank  and  thence  to  ground.  With  nonnally  pure  water  the  resist- 
ance of  the  liquid  in  the  tank  is  so  great  that  the  leakage  from  the 
dynamos  is  reduced  to  a  very  few  amperes,  but  this  resistance  is 
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entirely  non-inductive,  and  to  the  static  discharge  means  but  little 
oppostion.  A  single  tank  lightning-arrester  of  this  description  can 
catiy  about  1200  amperes,  line  current,  but  it  is  easy  to  use  a  number 
of  such  instruments  in  parallel  and  build  up  an  almost  indefinite 
apadty.    Obviously  such  arresters  need  only  be  used  when  a  thimder- 
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:Stonn  is  anticipated,  and  by  turning  all  the  water  off  all  leakage  may  be 
-avoided  during  fair  weather. 

116.  Non-Aroiiig  Uetal  Arresters. —  While  experimenting  on  the 
■subject  of  lightning-arresters,  Mr.  Wurtz  made  the  singular  discovery 
that  metals  of  a  certain  chemical  group  would  not  allow  of  the  for- 
jnation  or  continuation  of  an  arc.  This  singular  and  fortunate  dis- 
covery has  led  to  the  invention  ol  a  lightning-arrester  made  of  non- 
ardng  metals,  as  shown  in  Fig.  130. 


Fit.  ISO.     Kon-Anliis  Ai 


From  the  illustration  it  will  be  seen  that  upon  a  slate  base  there 
are  placed  seven  metallic  cylinders,  the  wrterior  cylinders  on  each 
side  of  the  center  being  connected  with  the  line,  while  the  central 
cylinder  is  grounded,  the  intermediate  cylinders  forming  a  series  of 
air-gaps.  The  cylinders  are  separated  by  about  the  thirty-second  of 
an  inch.  When  a  Hash  takes  place,  the  discharge  crosses  the  air- 
gaps,  seeking  the  center  cylinder,  and  thence  to  earth.  Mr.  Wurtz's 
discovery  lies  in  the  fact  that  certain  metals  of  the  cadmium  group 
do  not  permit  the  continuance  of  an  arc,  probably  due  to  the  fact  that 
when  the  spark  first  crosses  the  gaps  it  volatilizes  and  oxidizes  a  cer- 
tain amount  of  the  metal,  and  extinguishes  itself  by  interposing  a 
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non-conducting  medium  between  the  two  surfaces.  The  lightmng- 
anester  here  described  is  chiefly  valuable  in  alternating-current  work, 
as  it  is  found  that  with  continuous-current  machines  the  arc  is  not 
entirely  extinguished,  thoi^h  it  is  rendered  comparatively  harmless. 

1 17.  Disorimlnatiiig  Arreaters.  —  In  a  paper  before  the  American 
Institute  of  Electrical  Engineers,  Mr,  A.  J.  Wurtz  illustrates  two 
forms  of  what  he  tenns  "discriminating  lightning-arresters."  ' 

The  invention  of  a  non-arcing  lightning-arrester,  by  Mr,  Wurtz, 
seemed  to  present  an  exceedingly  satisfactory  method  of  protection 
for  alternating-current  circuits.  On  continuous-current  circuits,  how- 
ever, this  lightning-arrester  does  not  entirely  extinguish  the  arc. 

A  continued  study  of  the  subject  led  to  the  invention  of  a  still  more 
simple  non-arcing  constant-current  arrester,  which  for  simphcity  and 


fig.  797.    Tht  Wyrti  Han-AnlBg  OantrnHwi-CurnRt  Arrttltr. 

ss,  as  well  as  for  effectiveness  in  action,  seems  to  be  almost 
unsurpassable.  This  arrester  is  illustrated  in  Fig.  131,  and  consists 
of  two  blocks  of  marble  about  3"  wide,  34"  long,  and  1"  thick.  In 
the  lower  block  two  brass  electrodes  1"  wide  are  laid  and  finished 
flush  with  the  surface,  the  distance  between  the  ends  of  the  electrodes 
being  about  J".  This  space  is  occupied  by  a  series  ol  blocks  of  lig- 
num vitffi,  which  are  thoroughly  charred,  or  contain  a  series  of  charred 
grooves  about  Vja"  wide  and  Vw"  deep.    The  outer  marble  block  is 

<SeeTraiMtctk>D>of  American  Institute  of  Electrical  Engineers,  Miy,  1894 
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intended  amply  to  act  as  a  cover,  and  to  protect  the  apparatus  from 
injury.  The  charred  wood  seems  to  form  a  conducting  path  of  so  hi^ 
resistance  as  to  prevent  the  dynamo  voltage  from  crossing  it,  and  yet 
forms  a  conductor  of  sensibly  low  resistance  to  the  high  potential  of 
the  lightning  flash.  Furthermore,  the  carbon  being  essentially  non- 
volatile, even  under  the  temperature  of  the  electric  spark,  no  adequate 
metallic  vapors  are  formed  to  sustain  the  arc  that  is  initiated  by  the 
flash.  As  a  result,  the  electrical  oscillations  set  up  in  the  conducting 
circuit  by  an  electric  storm  pass  with  comparative  readiness  across 
the  carbon  blocks,  which  are  of  sufficiently  high  resistance  to  extinguish 
and  prevent  any  dynamo  arc. 

118.  Telephone  Cable  and  SwitohboardFroteetors. — Underground 
cables  have  been  severe  sufferers  from    foreign   currents  of  sufficient 


flj.  1S2  A.     Cabit  Pnttctor. 

magnitude  to  fuse  the  lead  covering  of  the  cable  and  entirely  destroy 
them.  To  afford  a  protection,  a  special  fuse  device,  indicated  in 
Fig.  132  A,  has  been  put  in  service  upon  cable-heads  forming  the 
junction  between  aerial  lines  and  underground  systems.  The  illus- 
tration shows  a  single  protector,  the  entire  cable  being  secured  by 
arranging  a  sufficient  number  of  these  protectors,  one  after  another, 
to  correspond  to  the  number  of  wires.  The  protector  consists  of 
a  tube  of  vulcanized  fiber  or  india-rubber  about  li"  in  length  ;  the 
ends  of  the  tube  carry  metallic  bushings,  one  end  being  attached 
to  a  spring  A,  to  which  the  aerial  hne  is  connected,  while  the  other 
end  is  secured  to  a  metallic  block  B,  in  electrical  connection  with 
the  wire  in  the  cable.  Through  the  insulating-tube  extends  a  lead 
fuse  alranged  to  blow  at  any  desired  current,  forming  the  only  con- 
nection between  the  cable  and  aerial  line.  As  the  end  B  is  sealed, 
while  the  end  A  is  open  to  the  atmosphere,  the  blowing  of  the  fuse 
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causes  a  disruptive  charge,  forcing  the  products  of  the  fuaon  of  the 
lead  wire  violently  out  into  the  air,  thus  extinguishing  the  arc.  Ex- 
perience with  this  protector  has  been  gratifying,  and  such  apparatus 
appears  in  many  different  forms. 

lie.  Bwitonboard  Arresters. — At  the  switchboard  end  of  Tele- 
graph and  Telephone  lines,  an  endeavor  has  been  made  to  combine  a 
lightning  arrester  with  a  sneak  current  protector,  by  means  of  the 
dnice  indicated  in  Fig.  132  B. 


% 


Fig.  1320.     Sw/toAtearif  Pnttcl 


The  contrivance  consists  of  two  parts,  —  a  lightning  arrester 
made  of  two  carbon  plates,  seen  at  AA,  and  a  sneak  current 
arrester  in  the  form  of  a  fusible  heat-coil  at  B.  One  wire  of  eich 
pair  of  cable  wires  enters  the  terminal  C,  the  other  the  terminal  D. 
The  wire  D  passes  through  spring  F  to  spring  G,  and  thence  to  the 
switchboard  through  E.  Spring  F,  however,  is  in  contact  with 
two  peculiarly  shaped  carbon  plates.  These  carbon  plates  are 
shown  in  detail  at  H,  The  plates  consist  of  two  little  blocks  of 
carbon  about  J''  thick,  one  having  a  groove  in  the  top  into  which 
the  spring  fits.  The  lower  carbon  rests  upon  a  metal  plate  that  is 
thoroughly  grounded,  and  the  carbon  in  addition  has  a  small  central 
concavity  filled  with  a  drop  of  fusible  metal.  The  two  carbons  are 
separated  by  a  sheet  of  mica  about  jJo"  in  thickness,  cut  out  in 
such  a  manner  as  to  bring  the  drop  of  fusible  metal  in  the  lower 
carbon  almost  in  contact  with  the  upper  carbon  plate.  A  flash  of 
lightning  entering  D  is  supposed  to  follow  through  spring  F  to  the 
carbon  plate,  and  then  to  jump  the  small  air-gap  presented  by  the 
film  of  mica,  and  go  to  ground  through  the  lower  carbon  plate.  In 
case  the  flash  should  be  of  sufficient  intensity  to  cause  a  sensible 
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amount  of  beat,  the  drop  of  fusible  metal  is  melted,  and  flows  across 
the  gap  formed  by  the  mica,  tbus  sbortmg  the  carbon  plates  and  dead- 
grounding  the  entire  combination,  and  affording  protection  to  the 
switchboard. 

130.  In  the  case  of  a  sneak  current,  there  might  be  insufficient 
voltage  to  cause  the  discharge  to  leap  the  ^ta"  of  the  mica  gap,  and 
yet  a  sufficient  quantity  of  current  might  be  presented  to  injure  the 
switchboard.  To  avoid  this,  the  heat-coil  B  is  introduced  in  the  cir- 
cuit between  the  springs  G  and  F.  This  heat<oil  consists  of  a  fine 
German  silver  wire  wrapped  around  a  small  metal  plug,  wliich  is  held 
in  its  place  by  a  drop  of  solder  having  an  exceedingly  low  melting- 
point.  The  lieat-coil  is  individually  shown  at  H,  where  the  project- 
ing metal  point  may  be  readily  distinguished.  A  close  inspection  of 
the  cut  indicates  that  the  heat-coil  rests  between  the  springs  F  and 
G,  while  the  point  projects  through  spring  F,  and  rests  upon  a  thin 
spring  directly  underneath  spring  F,  over  the  ground  plate,  and  yet 
not  in  contact  with  the  same.  Upon  the  passage  through  the  heat, 
coil  of  a  current  of  sensible  magnitude,  in  the  nei^borhood  of  .5 
amperes,  there  is  sufficient  heat  evolved  in  the  fine  German  silver 
wire  to  melt  the  drop  of  solder,  thus  allowing  the  tension  of  spring  G 
to  force  the  pin  through  the  coil,  down  upon  the  auxiliary  spring, 
pressing  this  spring  to  metallic  contact  with  the  ground  plate,  thus 
dead-grounding  the  system,  short -circuiting  the  switchboard,  and  pre- 
venting the  sneak  current  from  injuring  the  apparatus.  Inasmuch 
as  the  heat-coils  are  found  to  ground  the  line  with  the  pass^e  of  .5 
amperes,  and  as  most  telephonic  and  telegraphic  apparatus  can,  for 
some  time,  resist  a  current  of  1  ampere,  it  seems  that  this  device 
furnishes  fairly  reasonable  protection  to  switchboard  apparatus.  The 
other  half  of  the  cable  pair,  entering  by  the  terminal  C,  passes,  by 
means  of  an  insulated  bolt,  through  the  iron  frame  on  which  the 
apparatus  is  placed,  to  a  second  set  of  springs,  heat-coils,  and  carbon 
plates,  arranged  to  duplicate  the  first  set,  and  passes  to  the  switch- 
board by  E*.     Thus  both  wires  of  a  metallic  line  are  protected 
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APPHNDIX  TO   CHAPTER  V. 

INSURANCE  REGULATIONS  FOR  THE  INSTALLATION  OF  aRCOITS. 

The  following  extracts  from  the  National  Electrical  Code  give  a 
consensus  of  the  best  expert  opinion  as  to  precautions  desirable  in 
the  construction  of  electric  circuits. 

131.      QKNERAL  ARRANQEIISNT  OF  RULBB. 

CloBs  A.  —  Centrai,  Stations,  dynamo,   motor,  storage-batteiy  rooms,  aad 

transformer  aub-sCations,  Rules  1  to  11. 
CUm  B.  —  Outside  Work,  Rules  12  to  13. 
daw  C. —  Inside  Work,  Rules  14  to  39. 

a.  General  Instructions,  all  systems  and  voltages.  Rules  11  to  17. 

b.  Constant-Current  System,  Rules  18  to  20. 

c.  Constant-Potential  Systems. 

1.  All  voltages,  Rules  21  to  23. 

2.  Voltages  not  over  300,  Rules  24  to  31. 

3.  Voltages  between  300  and  3,000,  Rules  S2  to  ST. 

4.  Voltages  over  3,000,  Rules  88  and  39. 

Claflfl  D.  —  Specifications  for  Wires  and  Fittings,  Rules  40  to  65. 
Clasfl  B.  —  Miscellaneous,  Rules  56  to  59. 
CbtH  F.  —  Marine  Wiring,  Rules  60  to  72, 

122.      ClaH  A.  1.  GsKBiUTOits  Must  Be  — 

a.  XjocaXtA  in  a  dry  place. 

b.  Never  placed  where  hazardous  processes  are  carried  on  or  where  exposed 

to  iaflammable  gases  or  flyings  of  combustible  material. 
C.  Insulated  upon  floors  or  base-frames  kept  filled  to  prevent  the  absorption 
of  moisture,  and  must  be  kept  clean  and  dry.  If  base-frame  insulation 
is  impractical,  the  metal  frame  should  be  permanently  and  thoroughly 
grounded.  If  frame  insulation  is  impractical,  the  machine  should  be 
surrounded  with  insulated  platforms  to  prevent  injury  to  operators. 

d.  Protected  by  approved  safety  fuses. 

e.  Supplied  with  waterproof  covers  when  not  in  use. 

f.  Supplied  with  plate,  stating  maker,  capacity  in  votts,  amperes,  and  normal 

speed,  R.  P.  M. 

1S8.      3.      CONDUCTOKS,    EXTSNDINC    PKOU   GBNBRATORS  TO   SWITCHBOARDS   OR 

Other  iNSTRiniRNTS  and  Thknck  to  Outsidk  Links,  Must  — 

a.  Be  in  plain  sight  or  readily  accessible. 

b.  Have  approved  insidation  as  called  for  by  rules  in  Oass  C,      In  central 

stations  exposed  circuits  must  have  a  heavy  braided  non-combustible 
outside  covering.     Bus  bars  may  be  made  of  bare  metal. 

<.   Be  rigidly  placed. 

«1  In  all  other  respects  be  installed  as  required  by  rules  in  Class  C 
134.    3-  Switchboards. 

a.   Must  be  so  placed  as  to  prevent  danger  of  communicatiDg  fire  to  adjacent 
material. 
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b.   Must  be  made  of  non-combustible  material  or  of  hard  wood  in  skeleton 

form,  filled  to  prevent  absorption  of  moisture. 
C.    Must  be  accessible  from  all  sides  when  wired  from  the  back,  but  may  be 

placed  agaiosf  a  nonxombustible  wall  when  wired  ou  the  face. 

d.  Must  be  kept  free  from  moisture. 

e.  Bus  bars  must  be  equipped  in  accordance  with  Rules  for  conductors. 

4.   Resistance  Boxes  and  Equalizers. 
a.    Should  be  placed  upon  switchboard,  or,  if  not,  placed  at  least  one  foot 
from  all  combustible  material,  and  protected  by  non-inflammable,  non- 
absorptive,  insulating  material. 

5.   Lichtning-Akrestbrs  Must  Bb  — 

a.  Attached  to  each  side  of  every  overhead  circuit. 

b.  Located  in  accessible  places,  away  from  combustible  materials,  and  as  near 

as  possible  to  the  point  where  the  wires  enter  the  building.  Station- 
arresters  should  be  placed  upon  ihe  switchboard.  Kinks,  coils,  sharp 
bends  in  wires,  between  the  arresters  and  outside  lines,  must  be  avoided. 
e.  Provided  with  a  good,  permanent  ground  by  conductors  equal  iu  conduc- 
tivity to  a  No.  8  B.  &  S.  copper  wire.  Ground  conductors  should  be 
run  in  straight  lines  from  the  arresters,  and  never  attached  to  gas-pipes. 
Choke-coils  can  be  introduced  between  the  arresters  and  the  aynaroos. 
Ground  wires  should  not  be  inclosed  in  iron  pipes. 
126.   6.    Cark  and  Attbndancr. 

a.  Competent  employees  must  be  provided  for  all  dynamo  machinery, 

b.  Oily  waste  must  be  kept  in  metal  waste-cans,  with  legs  raising  the  bottoms 

at  least  3  inches  from  the  floor,  and  with  self-closing  covers ;  remove 
waste  daily.  ,    Testing. 

a.  All  circuits  must  be  provided  with  reliable,  preferably  automatic  ground 

detectors,  never  grounded  to  gas-pipes  within  buildings,  and — 

b.  Where  automatic  detectors  are  not  practicable,  tested  daily. 

e.   Data  from  tests  must  be  preserved  for  Inspection  Department. 
126.     S.   Motors. 

a.  The  general  provisions  for  generators,  a  to _/"  inclusive,  apply  to  motors. 

b.  Must  be  wired  with  the  same  precautions  required  by  rules  in  Qass  C. 

e.  The  motor  and  its  resistance-box  must  be  protected  by  cut-out  and  con- 

trolled by  switch,  plainly  indicating  whether  current  is  on  or  off.  For 
one-quarter  horse-power,  or  smaller  motors  on  low-tension  circuits,  a 
single-pole  switch  will  suffice.  The  switch  and  rheostat  must  be  located 
within  sight  of  the  motor. 

d.   Rheostat  or  starting  boxes  must  conform  to  Rule  4. 

i.   Must  not  be  run  in  series-multiple  or  multiple-series. 

f.  Must  be  provided  with  waterproof  cover  when  not  in  use. 

g.  Electric  ceiling-fans  must  be  hung  from  insulated  supports. 

137.     9.  Railway  Powbr  Plants, 
a.    Each  feed-wire  before  it  leaves  the  station  must  be  equipped  with  an  auto- 
matic circuit-breaker,  mounted  upon  fireproof  base  in  full  view  and  easy 
reach  of  the  attendants. 

128.     10.  Storace  or  Primary  Battery  Installations. 
a.    When  current  for  light  or  power  is  taken  from  primary  or  secondary  bat- 
teries, the  same  general  regulations  must  be  observed  as  applied  to 
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similar  apparatus  fed  from  generators  developing  the  sunedifEcrence  of 
potential. 
h.  Storage-battery  rooms  must  be  thorougbly  ventilated. 

c.  Secondary  batteries  must  be  insulated. 

4,  Metal  connecttoos  liable  to  con'osion  must  be  avoided. 

12B.     11.  Transtormbrs  — 
Host  be  so  placed  that  the  burning  of  the  coils  or  boiling  over  of  the  insulat 

ing-oil  can  do  no  hann. 

180.    ClaH  B.    OimioB  Work.    12.  Wbw. 
a.  Service-wires  must  have  approved  rubber  insulation.      Line-wires  inust 

have  approved  weatherproof  or  rubber  insulation.     Tie-wires  must  have 

an  insulation  equal  to  that  of  the  conductors  they  confine. 
h.  Must  be  so  placed  that  moisture  cannot  form  a  cross  between  them,  not 

less  than  one  foot  apart,  and  not  in  contact  with  any  substance  other 

than  their  insulating  supports.      Service-blocks  must  be  covered  with 

two  coats  of  waterproof  paint. 
€.  Must  be  at  least  seven  feet  above  the  highest  point  of  flat  roofs,  and  at 

least  one  foot  above  the  ridge  of  pitched  roofs. 

d.  Must  be  protected  by  dead  insulated  guard  iron  or  wires  from  possibility 

of  contact  with  other  conducting  wires  or  substances  to  which  current 
may  leak. 
t.   Must  be  provided  with  petticoat  insulators  only,  glass  or  porcelain. 

f.  Must  be  so  joined  as  to  be  both  mechanically  and  electrically  secure  with- 

out solder  ;  joints  must  then  be  soldered,  and  covered  with  an  insula- 
tion equal  to  that  of  the  conductors. 

g.  Must,  where  they  enter  buildings,  have  drip-loops,  and  the  holes  bushed  with 

non-combustible,  non-absorptive  tubes  slanting  upward  toward  the  inside. 
h.  Telegraph,  telephone,  or  similar  wires  must  not  be  placed  on  the  same  cross- 
arm  with  electric  light  or  power  circuits. 

i.  The  metal  sheaths  of  cables  must  be  permanently  grounded. 
Trolley  Wlrea. 

/  Must  not  be  smaller  than  No.  0  B.  &  S.  copper  or  No.  4  B.  &  S.  silicon 
bronze,  and  must  readily  stand  the  strain  put  upon  them  when  in  use. 

i.   Must  have  a  double  insulation  from  ground.     In  wooden-pole  construction, 
the  pole  will  be  considered  as  one  insulation. 

/.  Must  be  capable  of  being  disconnected  at  the  power-plant  or  of  being  sub- 
divided into  sections.     This  rule  also  applies  to  feeders, 
w.  Must  be  protected  ag^nst  accidental  contact  where  crossed  by  other  con- 
ductors. ^   Transformer* 

a.  Must  not  be  placed  inside  of  any  building  excepting  central  stations. 

*.  Must  not  be  attached  to  the  outside  wall  of  buildings  unless  separated  by 
substantial  supports.  ' 

131,     ClasM  C.  Inscdk  Work.     s.     Gineral  ftulruitians.     14.   Wires. 

4.  Must  not  be  smaller  than  No.  14  B.  &  S.,  except  as  specified  under  24-u 
and  40c. 

'■  Tie-wires  must  have  an  insulation  equal  to  that  of  the  conductors. 

c.  Must  be  joined  so  as  to  be  mechanically  and  electrically  secure  without 
solder,  and  then  soldered,  and  covered  with  an  Insulation  equal  to  that  of 


lyCoogle 


76  THE   ELECTRICAL    TRANSMISSION  OF  ENERGY. 

the  conductors.  Stranded  wires  must  be  soldered  before  being  fastened 
under  clamps  or  binding-screws ;  and,  when  they  have  a  greater  conduc- 
tivity than  No.  10  B.  &  S.  copper  wire,  they  must  be  soldered  into  higs. 

d.  Must  be  separated  from  contact  with  all  portions  of  the  building  through 
which  they  pass  by  non-combustible,  non-absorptive,  insulating-tubes. 

t.  Must  be  kept  free  from  contact  with  all  other  conducting  material  by  a 
continuous,  lirmly  fixed  non-conductor,  providing  a  separation  of  at 
least  one  inch. 

f.    Must  be  so   placed  in  damp  places   that  moisture  cannot   form  crossts 
between  conductors  or  between  the  conductors  and  other  things. 
15.   UnderKTOund  CondnotoTB. 

a.  Must  be  protected,  when  entering  buildings,  against  moisture  and  me- 
chanical injury,  and  all  combustible  material  kept  removed  from  the 
immediate  vicinity. 

6.  Must  not  be  so  arranged  as  to  shunt  the  current  around  any  protective 
device. 
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138.     17.  Switches,  Cut-outs, 
a.   Must  be  so  arranged  that  each  cut-out  switch  or  circuit-breaker  wiU  ^ 

connect  all  the  wires  of  the  circuit  to  which  it  is  attached. 
i.   Must  not  be  placed  in  the  immediate  vicinity  of  inflammable  material. 
t.   Must,  when  exposed   to  dampness,  be  inclosed  in  waterproof  box  or 

mounted  on  non-absorptive  matenal. 

134.      (6)   Constant-Current  Svstbus.      18.  Wipee. 
a.    Must  have  an  approved  rubber  insulation. 
6.    Must  be  arranged  to  enter  and  leave  buildings  through  an  approved  do^ 

ble-contact  service  switch  kept  free  from  moisture  and  of  easy  access. 

Snap-switches  must  not  be  used. 
£,  Must  always  be  arranged  in  plain  sight  and  not  incased. 
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I,  Must  be  supported  upon  glass  or  porcelain  insulaitors,  which  separate  the 
wire  at  least  one  inch  from  surface,  wired  over,  and  be  kept  rigidly  eight 
inches  from  each  other,  except  withia  the  structure  of  lamps  or  on 
hanger-boards. 
*.  .Must,  on  side  walls,  be  protected  from  mechanical  injury  by  boxing  in- 
closing aa  air-space  of  at  least  one  inch  all  around  the  conductors. 
The  boxing  must  be  closed  at  the  top,  the  wires  passing  through  bushed 
holes,  and  must  extend  not  less  than  seven  feet  from  the  floor.  When 
crossing  floor-timbers  where  the  conductors  might  be  exposed  lo  injury, 
wires  must  be  attached  by  their  insulating  supports  to  the  under  side  of 
a  wooden  strip  not  less  than  one-half  an  inch  in  thickness. 
19.  Ato  IjampB. 

A   Must  be  carefully  isolated  from  inflammable  material. 

^  Must  always  be  provided  with  whole-glass  globes  inclosing  the  arc,  se- 
curely fastened  on  a  closed  base. 

C  Must  be  provided  with  a  wire  netting  of  not  over  1}  inch  mesh  and  an 
approved  spark-arrester,  when  inflammable  material  is  in  the  vicinity 
of  the  lamps. 

i.  Where  hanger-boards  are  not  used,  lamps  must  be  hung  from  insulating 
supports  other  than  their  conductors. 

20.   Inoandeacmt  lAmpi  in  BcnriM  OlmniitB. 

«•  Must  have  the  conductors  installed  as  provided  for  in  Rule  18.  Each 
lamp  is  to  be  provided  with  an  automatic  cut-out,  and 

h.  Suspended  from  a  hanger-board  by  means  of  a  rigid  tube. 

t.  Electro- magnetic  devices  for  switches  and  systems  of  multiple-series  or 
series-multiple  lighting  must  not  be  used. 

d.   Must  not  be  attached  to  gas-fixtures. 

136.       (o)    CONSTANT^POTENTIAl.  SVSTEMS,    All,   VOLTAGBS, 


a.   Must  be  placed  on  all  service-wires  as  near  as  possible  to  the  point  where 
they  enter  the  building,  inside  the  walls,  and  arranged  to  cut  o£F  the 


i.  Must  be  placed  at  every  point  where  change  is  made  in  the  size  of  the 

wire,  unless  the  cut-out  in  larger  wire  will  protect  the  smaller. 
t.   Must  be  in  plain  sight,  or  inclosed  in  an  approved  box  readily  accessible. 

Must  not  be  placed  in  the  canopies  or  shells  of  fixtures. 
d.  Most  be  so  placed  that  no  set  of  incandescent  lamps  requiring  more  than 

fi  amperes  shall  be  dependent  upon  one  cut-out. 
A   Must  be  provided  with  fuses,  the  capacity  of  which  does  not  exceed  the 

allowable  carrying  capacity  of  the  wire.     Circuit-breakers  must  not  be 

set  more  than  80  per  cent  above  the  allowable  carrying  capaci^  of  the 

conductors  they  protect. 

%%.    Bwttohes. 
a.  Must  be  placed  on  all  service-wires,  in  a  readily  accessible  place,  as  near  as 

possible  to  the  point  where  the  wires  enter  the  building,  and  arranged  to 

cut  off  the  entire  current 
i.  Must  always  be  placed  in  dry,  accessible  places,  and  grouped  as  far  apart 

as  possible.     Koife-s witches  must  be  so  placed  that  gravi^will  tend  to 

open  the  switch. 
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e.  Must  be  double-pole  except  when  the  circuits  the^  control  supply  8  am- 
peres or  less. 

d.  Gangs  ol  flush-switches  must  be  inclosed  in  boxes  of  fire-resisting  mate- 
ria). Where  two  or  more  switches  are  placed  under  one  plate,  the  box 
must  have  a  separate  compartment  for  each.  No  push-buttons  for  bells, 
gas-lighting  circuits,  etc.,  shall  be  placed  in  the  same  wall-plate  with 
switches  controlling  lighting  or  power  circuits. 

23,    BlMtria  Hoaten. 
a.   Must  be  placed  at  a  safe  distance  from  inflammable  material,  and  be 

treated  as  sources  of  heat. 
h.   Each  must  have  a  cut-out  and  indicating-switch. 

c.  Must  have  the  attachment  of  feed-wires  in  plain  sight,  easily  accessible, 

and  protected  from  interference. 

d.  Flexible  conductors  for  portable  apparatus  must  have  an  approved  insu- 

lating covering. 

e.  Each  must  be  provided  with  a  name-plate  giving  maker  and  normal  capa- 

city in  volts  and  amperes. 

139.       2.    LOW-POTBMTIAI.   ClBCOITS. 

Voltages  Hot  over  300,     (Any  circuit  which  develops  a  difference  of  poten- 
tial between  10  and  300  volts  shall  be  considered  a  low-potential  circuit) 
24.    ■Wimt 

a.  Must  not  be  laid  in  cement,  plaster,  or  similar  finish. 

b.  Nor  fastened  with  staples. 

c.  Nor  be  fished  for  any  great  distance,  and  only  where  inspectors  can  be 

satisfied  that  rules  are  complied  with. 

d.  Twin  wires  must  not  be  used  excepting  in  conduits  or  where  flexible  con- 

ductors are  necessary. 
4,    Must  be  protected  on  side  walls  from  mechanical  injury,  and  protected 

when  crossing  floor^timbers  by  attaching  the  wires  by  their  insulating 

supports  to  the  under  side  of  a  wooden  strip,  not  less  than  one^alf  inch 

thick  and  not  less  than  three  inches  wide. 
Jl  When  run  immediately  under  roofs,  or  near  water  pipes  or  tanks,  they  will 

be  considered  as  exposed  to  moisture. 

Special  Kulaa  lor  Dry  Tlnxm. 

g.   Must  have  an  approved  rubber  or  weatherproof  insulation. 

h.   Must  be  rigidly  supported  on  nonK;ombustible,  non-absorptive  insulators, 

which  separate  the  wires  at  least  one-half  inch  from  the  surface  wired 

over,  and  two  and  one-half  inches  from  each  other. 

fipeoUl  Bnlaa  for  Damp  FlaoM. 
/,   Must  have  an  ajjproved  rubber  insulation. 

J.   Must  be  rigidly  supported  on  insulators  which  separate  the  wires  at  least 
one  inch  from  the  surface  wired  over,  and  two  and  one-half  inches  from 
each  other, 
k.   Must  have  no  joints  or  splices. 

Tor  Holdlnc  Work. 
t.    Must  have  an  approved  insulation. 
m.   Must  never  be  placed  in  molding  in  concealed  or  damp  places. 


.hyCoogle 


mSURANCE  SECVLATIONS  FOR  CIRCUITS. .  179. 

»or  Oondult  Wo*. 
M.    Must  have  approved  insulation. 

o.    Must  not  be  drawD  in  until  all  mechanical  work  on  the  building  is  completed. 
p.    Must  not  have  wires  of  different  circuits  drawn  in  the  same  conduit. 
q.    Must,  for  alternating  systems,  have  all  wires  of  the  same  circuit  drawn  in 
the  same  conduit.     This  is  advised  for  direct-current  systems. 
Vor  Conoealad  'WoA. 
r.    Must  have  an  approved  rubber  insulation. 

J.    Must  be  rigidly  supported  upon  non-conibuBtible,  non-absorptive  insulators, 
which  separate  the  wires  at  least  one  inch  from  the  surface  wired  over, 
and  ten  inches  from  each  other. 
t.   When  it  is  impossible  to  place  concealed  wiring  on  non-combustible  sup- 
ports, the  wires,  if  not  exposed  to  moisture,  may  be  fished  on  the  loop- 
system,  if  inclosed  in  approved  continuous  flexible  tubing  or  conduit 
lor  FtxtuTA  Work. 
w.    Must  have  approved  rubber  insulation,  and  shall  not  be  less  than  No.  18 

B.  &  S.  in  size. 
V.    Supply  conductors  must  be  kept  clear  of  the  grounded  parts  of  fixtures. 

Shells  must  be  constructed  in  a  manner  to  permit  of  this  requirement. 
s".    Must,  when  fixtures  are  wired  outside,  be  so  secured  as  not  to  be  cut  or 
abraded  by  the  motion  of  the  fixtures. 

2S.   Ziit«rii^  OondnitB. 

a.  Musi  be  continuous  from  one  junction  to  another  or  to  fixtures,  and  the- 

conduit  tube  must  properly  enter  all  fittings. 

b.  Must  be  first  installed  as  a  complete  conduit  system  without  conductors. 
C.    Conduits  must  extend  at  least  one-half  inch  beyond  the  finished  surface 

of  walls  or  ceilings,  except  that,  if  the  end  is  threaded  and  a  coupling 
screwed  on,  the  conduit  may  be  left  flush. 

d.  Must,  after  conductors  are  introduced,  have  all  outlets  plugged  with  special 

wood  or  fibrous  plugs,  made  in  parts,  and  the  outlet  then  sealed  with 

approved  compound.     Joints  must  be  air-tight  and  moisture-proof. 
t.    Must  hare  the  metal  of  the  conduit  permanently  and  effectually  grounded. 

26.   Fiztorai. 
a.    Must,  when  supported  from  the  gas-piping,  be  insulated  from  the  gas^ipe 

system  by  means  of  approved  insulating  joints. 
b-    Must  have  all  burs  or  fins  removed  before  the  conductors  are  drawn  into 

the  fixture. 

e.  The  upper  end  of  all  fixtures  must  be  sealed  mobture-proof. 

d.    Combination  fixtures  must  not  conceal  the  conductors  in  a  space  less  than 

one-fourth  inch. 
e.    Must  test  free  from  contacts  between  conductors  and  fixtures,  from  short 
circuits,  and  from  grounds. 

f.  Ceiling'blocks  should  be  made  of  Insulating  material ;  or  if  not,  the  wires 

passing  through  the  plates  must  be  surrounded  with  non-combustible, 
Don-al»oiptive,  insulation. 

27.   Sookets. 
a.    Where  inflammable  gases  exist,  the  lamp  and  socket  must  be  inclosed  in  a 
vapor-tight  globe,  wired  with  approved  rubber-covered  wire  soldered 
directly  to  the  circuit 
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X  over  specially  inflammaUe  ito^  waterproof  sockets 

aa    Flexiblo  Ciwd. 

a.  Must  have  approved  insulation  and  covering. 

b.  Must  not  be  used  as  a  support  for  clusters. 

e.  Must  not  be  used  except  for  pendants,  wiring  of  fixttires,  or  portable  lamps 

or  tnotora. 
d.   Nor  in  show-windows. 
t.  Must  be  protected  by  insulating  bushings  where  the  cord  enters  the  socket. 

f.  Must  be  so  suspended  that  the  entire  weight  of  the  sockets  will  be  borne 

by  knots  under  the  bushing  in  ihe  socket,  and  above  the  point  where  the 
cord  comes  through  the  ceiling-block  or  rosette. 

39.   Ato  Uaihta  on  Iiow-Poteiitul  Olranfta. 

a.  Must  have  a  cut-out  for  each  lamp  or  series  of  lamps. 

b.  Must  be  furnished  with  such  resistances  or  regulators  as  are  inclosed  in 

non-combustible  materia).     Incandescent  lamps  must  not  be  used  for 


t.   Must  be  supplied  with  globes,  and  protected  by  spark-ai 
30.  BoonoiDy  OoUb. 

a.  Economy  and  compensator  coils  must  be  mounted  on  non-combustible, 
non-absorptive  insulating  supports,  allowing  an  air-space  of  at  least  one 
inch  between  the  frame  and  support,  and  in  general  treated  as  sources 
of  heat  3j     dboomUto  Beriw  r-mpfc 

a.   Incandescent  lamps  in  series  shall  not  be  used  excepting  by  special  per- 

137.    3.   HiGH-POTBNTiAL  CiRCurrs,      Volt^is  httutti%  SOO  and  S,000. 
33.  Wlm. 

a.  Must  have  approved  rubber  insulation. 

b.  Must  always  be  in  plain  sight,  and  never  incased  except  where  required  bjr 

the  inspection  department. 

t.  Must  be  rigidly  supported  on  glass  or  porcelain  insulatois  carrying  the 
wires  at  least  one  inch  from  the  surface  wired  over,  and  at  least  four 
Inches  apart  for  voltages  up  to  750  and  at  least  eight  inches  apart  for 
voltages  over  750. 

d.  Most  be  protected  on  side  walls  from  mechanical  injury  by  substantial 
boxing,  retaining  an  air-space  <if  one  inch  around  the  conductors,  closed 
at  the  top,  the  wires  passing  tlirough  bushed  holes,  and  extending  not 
less  than  seven  feet  from  the  I'lior,  When  crossing  floor-timbers  wires 
must  be  attached  by  their  insulating  supports  to  the  under  side  of  a 
wooden  strip  not  less  than  oiu-half  inch  in  thickness. 
33,  TaANSPORMBRs  Must  Bb  Placed — 

A  At  a  point  as  near  as  possible  to  that  at  which  the  primary  wires  enter 
the  building. 

b.  In  an  inclosure  consLrui.it:J  or  lined  with  fire-resisting  material,  this  in- 
closure  to  be  securely  locketl,  ..r.J  access  allowed  only  to  responsible 

(.  Effectually  insulated  from  the  ground  and  in  a  practically  air-tight  inclo- 
sure, except  that  it  shall  be  th  oughly  ventilated  to  the  outdoor  air,  and 
there  must  be  a  six-inch  air-s;  .ice  on  all  sides  of  the  transformer. 
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34,  Car-Wi»ing. 
4.  Most  always  be  nin  out  of  reach  of  passengers,  and  have  an  spproved 
rubber  insulatioa, 

138.    3S.   Cai-Hocses. 
a.  Must  have  the  trolley-wires  securely  supported  on  insulating  hangers. 
h.  Must  have  the  trolley-hangers  placed  at  such  a  distance  apart  that  in  case 
of  a  break  in  the  trolley-wire,  contact  could  not  be  made  with  the  floor, 

c.  Must  have  cut-out  switch  located  at  proper  place  outside  the  building,  so 

that  all  trolley  circuits  in  the  building  can  be  cutout  atone  point,  and  line 
circuit-breakers  must  be  installed,  so  that  when  this  cut-out  switch  is  open 
the  trolley-wire  will  be  dead  at  ail  points  within  100  feet  of  the  building. 
The  current  must  be  cut  out  of  the  building  whenever  not  in  use. 

d.  Must  have  all  lamps  and  stationary  motors  installed  so  that  one  main 

switch  can  control  the  whole  of  each  installation,  independendy  of  main 
feeder-switch.  No  portable  incandescent  lamps  or  twin  wires  allowed 
except  that  portable  incandescent  lamps  may  be  used  in  the  pits,  con- 
nections to  be  made  by  two  approved  flexible  rubber-covered  wires 
properly  connected,  and  controlled  by  a  switch  placed  outside  the  pit 

e.  Must  have  all  wiring  and  apparatus  installed  in  accordance  with   rules 

under  Class  C. 

f.  Must  not  have  any  system  of  feeder  distribution  centering  in  the  building. 

g.  Must  have  the  rails  bonded  at  each  joint  with  not  less  than  No.  2  B.  &  S. 

annealed  copper  wire ;  also  a  supplementary  wire  to  be  run  for  each 
track. 

k.  Must  not  have  cars  left  with  trolley  in  electrical  connection  with  the  trol- 
ley-wire. 

36.  LiGHTiNo  AND  Power  proh  Raelwav  Wires. 

4.  Must  not  be  permitted  under  any  pretense  in  the  same  circuit  with  trolley- 
wires  with  a  ground  return  except  in  electric  railway  cars,  electric  car- 
houses  and  their  power-stations,  nor  shall  the  same  dynamos  be  used 
for  both  purposes. 

37.  Sbribs  Lamps. 

a.  No  system  of  multiple-series  or  series-multiple  for  light  or  power  shall  be 

used. 

b.  Under  no  circumstances  can  lamps  be  attached  to  gas-fijctures. 

4.    Vellaga  ovtr  3,000.     3a   Primarv  Wixbs. 
Must  not  be  brought  into  or  over  buildings  except  power-  and  sub-stations. 
39.  Sbcondarv  Wires. 
4.   Must  be  installed  under  Rules  for  high-potential  systems  when  their  im- 
mediate primary  wires  carry  a  current  at  a  potential  of  over  8,000  volts. 
139.    Cl«s«  D.    FrrriNas,  Materials,  and  Details  of  Constkuction. 

Ali  SytUmt  and  VoUagit. 

40.      Win     T—nl.Hn^ 

a.  BBbb«r-.Covered The  insulating  covering  must  be  solid,  at  least  -f^  of  an 

inch  thiclt,  and  covered  with  a  substantial  braid.  Must  not  readily 
carry  fire,  must  show  an  insulation  of  one  megohm  per  mile  after  two 
weeks'  submersion  in  water  at  seventy  degrees  Fahrenheit,  and  three 
days'  submersion  in  lime-water,  and  after  three  minutes'  clectrlficatiOB 
with  550  volts. 
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b.  WoBtheqiioof. — The  insulating  covering  must  not  support  combustion, 
must  resist  abrasion,  must  be  at  least  oae-sixteenth  of  an  inch  thiclc,  and 
tboroughly  impregnated  with  a  moisture-repellent. 

t.  Flexible  Cord Must  be  o£  two-stranded  conductors,  each  having  a  car- 
rying capacity  of  not  less  than  a  No.  IB  B.  &  S.  wire,  and  each  covered 
by  an  approved  insulation,  and  protected  by  a  slow-burning,  tough- 
braided  outer  covering. 

1.  Insulation  for  pendants  must  be  moisture  and  flame  proof. 

2.  Insulation  for  all  other  purposes  must  be  solid,  at  least  i\  of  an  inch 

thick,  and  must  show  an  insulation  resistance  between  conductors 
and  between  either  conductor  and  the  ground  of  at  least  one  megohm 
per  mile  after  one  week's  submersion  in  water  at  70°  Fahrenheit, 
and  after  three  minutes'  electrification  with  550  volts, 
8.  The  flexible  conductors  for  portable  heating-apparatus  must  have  an 
insulation  that  will  not  be  injured  by  heat,  which  must  be  protected 
from  mechanical  injury  by  an  outer  substantial  braided  covering, 
and  so  arranged  that  mechanical  strain  will  not  be  borne  by  the 
electrical  connection. 

4,  Plxtim  Wire Must  have  a  solid  insulation,  with  a  slow-burning,  tough 

outer  covering,  the  whole  to  be  at  least  Vi  of  an  inch  thick,  and  show  an 
insulation  between  conductors  and  between  either  conductor  and  ground 
of  at  least  one  megohm  per  mile,  after  one  week's  submersion  In  water 
at  70°  Fahrenheit,  and  after  three  minutes'  electrification  with  550  volts. 
4,  Condnit  Wire.  —  1.    For  insulated  metal  conduits,  single  wires  and  twin  con- 
ductors must  comply  with  Section  a  of  these  Rules.     Concentric  wire 
must  have  a  braided  covering  between  the  outer  conductor  and  the 
insulation  of  the  inner  conductor,  and  must  comply  with  Section  a. 
2.   For  non-insulated  metal  conduits,  single  wires  and  twin  conductors  must 
comply  with  section  a,  and  in  addition  have  a  second  outer  fibrous 
covering  at  least  i*,  of  an  inch  thick,  and  sufficiently  tenacious  to 
withstand  the  abrasion  of  being  hauled  through  the  metal  conduit. 
Concentric  conductors  must  have  a  braided  covering  between  the 
outer   conductor  and   the   insulation   of  the   inner  conductor,   and 
comply  with  section  a  of  this  rule,  and  must  have  a  fibrous  cover- 
ing I'l  of  an  inch  thick,  and  sufficiently  tenacious  to  withstand  the 
abrasion  of  being  hauled  into  the  conduit. 
140.      41.   Interior  Oondnlta. 
«.  Each  length  of  conduit  must  have  the  maker's  name  or  initials  stamped  ia 
die  metal  so  that  inspectors  can  see  the  same. 
Inaulated  Haul  Ccoidnlta. 
h.  The  metal  covering  must  have  an  equal  resistance  to  penetration  by  nails 
as  the  ordinary  commercial  form  of  gavpipe  of  same  size. 

e.  Must  not  be  seriously  affected  by  burning  out  a  wire  inside  the  tube  when 

the  metal  is  connected  to  one  side  of  the  circuit. 
4.    Must  have  the  insulating  lining  firmly  secured. 
t.  The  insulating  lining  must  not  crack  or  break  when  a  length  of  conduit  is 

uniformly  bent,  at  temperature  of  212°  Fahrenheit,  to  an  angle  of  60° 

with  a  curve  of  fifteen  inches  radius,  for  pipes  of  one  inch  and  leas,  and 

fifteen  times  the  diameter  of  pipe  for  larger  pipes. 

f.  The  insulating  lining  must  not  soften  injuriously  at  a  temperature  below 

212°  Fahrenheit,  and  must  leave  the  water  in  which  it  ts  bolted  practi- 
cally neutral. 
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/.  The  insulating  lining  must  be  at  least  ^,  of  an  inch  thick,  and  the  materials 
composing  it  must  be  of  such  a  nature  as  will  not  have  a  deteriorating 
effect  on  the  insulation  of  the  conductors,  and  must  be  sufficiently  tough 
to  withstand  the  abrasion  of  drawing  in  and  out  of  long  lengths  of  con- 
ductors. 
i.  The  insulating  lining  must  not  be  mechanically  weak  after  three  days'  sub- 
mersion in  water,  and  when  removed  from  the  pipe  entire  must  not 
absorb  more  than  ten  per  cent  of  its  weight  of  water  during  100  hours 
of  submersion. 
i.  All  elbows  must  be  made  for  the  purpose,  and  not  bent  from  lengths  of 
pipe.     The  inner  radius  of  any  elbow  of  pipe  must  not  be  less  than  3} 
inches.     Must  not  have  more  than  the  equivalent  of  four  quarter  bends 
ixom.  outlet  to  outlet,  the  bends  at  the  outlets  not  being  counted. 
TJnfauulated  Ketal  Condulti. 
J.  Plain  iron  or  steel  pipes  of  equal  strength  to  resist  penetration  by  naib  as 
ordinary  gas-pipe  of  the  same  size,  provided  the  interior  surfaces  are 
smooth  and  free  from  burs,  may  be  used.      Pipe  to  be  galvanized,  or  the 
interior  surfaces  coated,  to  prevent  oxidization,  with  some  substance 
which  will  not  become  sticky,  and  prevent  wire  from  being  withdrawn. 
i.   411  elbows  must  be  made,  and  not  bent  from  lengths  of  pipe.     The  inner 
radius  of  any  elbow  must  not  be  less  than  3^  inches.      Must  have  not 
more  than  the  equivalent  of  four  quarter  bends  from  outlet  to  outlet,  the 
bends  at  the  outlets  not  being  counted. 

141.     42.   Wooden  Holdinta. 
a.  Must  have,  both  inside  and  outside,  at  least  two  coats  of  waterproof  paint, 

or  be  impregnated  with  a  moisture-repellent 
i.  Must  be  made  of  two  pieces,  backing  and  capping  constructed  to  thoroughly 
incase  the  wire,  and  provide  a  one-half  inch  tongue  between  conductors 
and  a  solid  backing,  which  under-grooves  shall  not  be  less  than  three- 
eighths  of  an  inch  thick,  and  must  aRord  suitable  protection  from  abra- 
*"*"■  142.     43.   Bwttchei. 

"■  Must  be  mounted  on  non-combustible,  non-absorptive  bases. 
^'  Must  have  carrying  capacity  sufficient  to  prevent  undue  heating. 
*■■  Must,  when  used  for  service-switches,  indicate  whether  the  current  Is  on 

or  off. 
■■   Must  be  plainly  marked  with  the  name  of  the  maker  and  the  current  and 

voltage  for  which  the  switch  is  designed. 
<■   Must,  for   constant-potential  systems,  operate  successfully  at  50  per  cent 
overload,  in  amperes,  with  2,t  per  cent  excess  voltage  under  the  most 
severe  conditions  to  be  met  with  in  practice. 
/■   Must,  for  constant-potential  systems,  have  a  firm  and  secure  contact ;  must 
make  and  break  readily,  and  must  not  stop  when  motion  has  once  been 
imparted  by  the  handle. 
g'  Must,  for  constant-current  systems,  close  the  main  circuit  and  disconnect 
the  branch  wires  when  turned  "  off "  ;  must  be  constructed  to  be  autO' 
matic  in  action,  not  stopping  between  points  when  started,  and  must 
prevent  an  arc  under   all  circumstances.     Must  indicate  whether  the 
current  is  on  or  off. 

14S.     44.   Cnt-onts  and  Oirenit-Breaken. 
d.  Must  be  supported  on  bases  of  non-combustible,  non-absorptive  insulating 
material. 
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,  Cut-outs  must  be  provided  with  covers  when  not  airanged  in  approved 

cabinets. 
.   Cut-outs  must  operate  successfully  with  fuses  rated  at  50  per  cent  above 

and  voltage  25  per  cent  above  that  for  which  they  are  designed,  under 

the  roost  severe  conditioos  of  practice. 
'.    Circuit-breakers  must  operate  successfully  with  a  current  SO  per  cent  above 

and  a  voltage  25  per  cent  above  that  for  which  they  are  designed,  under 

the  most  severe  conditions  of  practice. 
,   Must  be  plainly  marked  with  the  oatne  of  the  maker  and  current  aiid 

voltage  for  which  designed. 

,   Must  have  contact  surfaces  or  tips  of  harder  metal  having  perfect  elec- 
trical connection  with  the  fusible  part 

,   Must  be  stamped  with  about  80  per  cent  of  the  maximum  current  they  can 
carry  indefinitely. 
Fuse  terminals  must  be  stamped  with  the  maker's  name,  initials,  or  known 
trade-mark.  ^  _„. 


a.   Must  be  so  arranged  as  to  obviate  any  danger  from  melted  fuses. 
144.     47.  Sookets. 

a.  No  portion  of  the  lampsocket  exposed  to  contact  with  out^de  objects 

must  be  allowed  to  come  into  electrical  contact  with  either  conductor. 

b.  Must,  when  provided  with  keys,  comply  with  the  requirements  for  switches. 

148.  48l  Hancer-Bosrda. 
m.  Hanger-boards  must  be  so  constructed  that  all  wires  and  current-carrying 
devices  thereon  shall  be  exposed  to  view,  and  thoroughly  insulated  by 
being  mounted  on  a  non-combuatible,  non- absorptive  insulating  sub- 
Stance. 
All  switches  shall  be  double-pole  automatic  in  action  and  strictly  non- 
arcing.  i4e     49    ^  j^,^j^ 

U.  Must  be  provided  with  reliable  stops  to  prevent  carbons  from  falling  out, 
in  case  clamps  become  loose. 

b.  Must  be  carefully  insulated  from  the  circuit  in  all  exposed  parts. 

c.  Must,  for  constant-current  systems,  be  provided  with  an  approved  hand- 

switch,  also  an  automatic  switch  that  wilt  shunt  the  current  if  they 
fail  to  feed  properly.  The  hand-switch,  if  placed  anywhere  except  on 
the  lamp  itself,  must  comply  with  Rule  48. 

147.  60.   Spu-k-Airerter*. 

A  Spark-arresters  must  so  close  the  globe  that  it  will  be  impossible  for  any 
sparks  to  escape. 

148.  SI.   IiwnltliK-Jolnf. 

a.  Must  be  entirely  made  of  material  that  will  resist  the  action  of  illuminatii^ 
gases,  and  will  not  soften  under  the  heat  of  an  ordinary  gas-flame,  or  leak 
under  moderate  pressure,  and  arranged  so  that  a  deposit  of  moisture 
will  not  destroy  the  insulation,  and  shall  have  a  resistance  of  not  less 
than  250,000  ohms,  and  be  sufficiently  strong  to  resist  the  strain  to  which 
they  will  be  subjected. 

i.   Insulating-joints  employing  soft  rubber  will  not  be  allowed. 
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149.     S2.  Btfnmoa  Boxes  ud  ItiiiHllnra 
B.  Mnit  be  equipped  with  metal  or  with  other  nooK^mlnistible  frames. 

160.     S3.  BMoUva  OoUa  aad  OoMlanMn. 
&  ReftctiTe  coils  must  be  made  of  non-combustible  material,  and  treated  as 
sources  of  heat 

ISl.     54.  Tranrforman. 
0,  Must  not  be  placed  in  any  but  metallic  or  noa-combustible  cases. 

IS2.    5S.  XJffhthut-Amatcm. 
0.  Most  be  mounted  on  non-combustible  bases,  and  must  be  so  constructed 
as  not  to  maint^n  an  arc  after  the  discharge  has  passed,  and  must  have 
ttt  moving  parts. 

IfiS.     Qbwb  n    Miscuijuiaous.    S$.  T>.ii»Hf».  BmMmmms. 
AU  wiring  in  buildings  must  teat  free  from  grounds,  and  must  have  an  insula- 
tim  betveeu  conducton  and  between  all  conductors  and  ground  as  follows.    Cir- 
nits  curyiBg  current  up  to —       Tabu  No.  41. 

G  amperes    .     .  4,000^000  ohns.  300  unperc*     .     .  100,000  ohms. 

lOunpns     .     .  2,000,000  ohms.  400  amperes     .     .    50,000  ohms. 

IS  imperes    .     .      800,000  ohms.  800  amperes     .     .    25,000  ohms. 

eO  amperra     .     .      400,000  ohntf.  1,600  amperes,  and  over, 

100  tuDperes     .     .      200,000  ohms.  12,S0O  ohms. 

All  cut-outs  and  safety  devices  must  be  In  place  when  test  is  made.  When 
ljnij>«>ckeu,  receptacles,  and  electroliers,  etc.,  are  connected,  one-half  of  the 
above  insulation  will  be  required. 

154.     S7.  PiotMtioii  *f  tn«t  Toreten  OumBtt. 

«.  Where  telephone,  tel^raph,  or  other  wires  connected  with  outside  circuits 
are  bunched  together  within  a  building,  and  where  inside  wires  are  laid 
in  ducts  with  lighting  or  power  wires,  covering  of  such  wires  must  be 
fire-resisting  or  they  must  be  inclosed  in  air-tight  ducts. 

A  All  conductors  under  (<i)  which  run  to  aerial  lines  must  be  provided  with 
i^roved  protective  devices  which  will  shunt  the  instruments  in  case  of 
a  dangerous  rise  of  potential,  and  will  open  the  circuit  and  arrest  abnor- 
mal current.  Protectors  must  have  non-combustible  insulating  bases, 
and  covers  provided  with  a  lock,  and  must  be  installed  under  the  follow- 
tag  requirements ;  — 

1.  Protectors  must  be  located  at  the  point  where  the  wires  enter  the  build- 

ing, either  immediately  inside  or  outside  the  same.  If  outside,  the 
protector  must  be  inclosed  in  a  metallic  waterproof  case. 

2.  If  protectors  are  placed  inside  the  building,  the  wires  from  the  support 

outside  to  the  binding-post  of  the  protector  shall  be  of  a  grade  of 
insulation  equal  to  that  of  electric  light  or  power  wires,  and  the  holes 
through  the  outer  wall  must  be  bushed  as  for  high-tension  service. 

S.  The  wires  from  the  point  of  entrance  to  the  protector  must  be  run  in 
accordance  with  rules  for  high-potential  wires. 

1  Ground  wires  shall  be  insulated,  not  smaller  than  No.  IS  B.  &  S. 
Ground  wires  shall  be  kept  at  least  three  inches  from  all  conductors, 
and  run  in  as  straight  a  line  as  possible  to  the  ground. 

\,  Ground  wires  shaii  be  attached  to  a  water^ipe  if  possible,  and  shall  be 
carried  to  and  attached  to  the  pipe  outside  the  first  joint  inside  of 
the  foundation  waits,  and  connection  be  made  by  soldering.     In  the 
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absence  of  other  good  grouad,  the  ground  shall  be  made  by  means 
of  a  metallic  plate  buried  permanently  in  moist  earth. 
Sa   Ueotrks  QM-Uglhthw. 
'Wbere  electric  gas4ighting  is  to  be  used  on  the  same  fixture  with  the  electric 

light— 
a.    No  part  of  the  gas-piping  or  fixture  shall  be  in  electric  connection  with  the 

gas-lighting  circuit, 
h.   The  wires  shall  have  non-inflammable  or,  when  concealed,  such  insulation 
as  required  for  fixture- wiring  for  electric  lights. 

e.  The  whole  insulation  must  test  free  from  grounds. 

d.  The  two  insulations  must  test  perfectly  free  from  connection  with  each 
other. 
156.    ClauF.     Marinb  Work.    €0.  Oaunton  mnat  be  — 
a.   Located  in  a  dry  place. 
i.    Insulated  from  their  bed-plates. 

c.  Provided  with  waterproof  cover,  and  — 

d.  With  name-plate,  giving  the  maker,  voltage,  amperes,  and  normal  speed 

^-  P-  "■  168.    61.  -WiMfc 

a.  Must  have  an  approved  insulation,  not  less  than  )  inch  thick  for  all  con- 

ductors except  piortables,  and  covered  with  substantial  water-  and  flame- 
proof braid.  The  physical  characteristics  shall  not  be  affected  b}-  any 
change  in  temperature  up  to  200°  Fahrenheit.  After  two  weeks'  sub- 
mersion in  salt  water  at  70°  Fahrenheit,  it  must  show  an  insulation  resis- 
tance of  one  megohm  per  mile  after  three  minutes'  electrification  with 
550  volU. 

b.  Must  have  no  single  wire  larger  than  No.  12  B.  &  S.     Stranded  conduc- 

tors must  be  used  when  greater  carrying  capacity  is  required.  No  sin- 
gle solid  wires  smaller  than  No,  14  B.  &  S.,  excepting  in  fixture-wiring. 
Stranded  wires  must  be  soldered  before  being  fastened  under  binding- 
screws.  When  they  have  a  greater  conductivity  than  No.  10  B.  &  S., 
they  must  be  soldered  into  lugs. 

c.  Must  be  supported  in  approved  molding  except  at  switches  and  portables. 

d.  Must  be  bushed  with  hard-rubber  tubing  one-eighth  of  an  inch  thick  when 

passing  through  beams  and  n on- watertight  bulkheads. 

e.  Must  have,  when  passing  through  watertight  bulk-heads  and  through  all 

decks,  a  metallic-box  tube  lined  with  hard  rubber.  In  case  of  deck- 
tubes  they  shall  be  boxed  to  prevent  mechanical  injury. 

f.  Necessary  splices  or  taps  must  be  made  both  electrically  and  mechanically 

secure  without  solder.  They  must  then  be  soldered,  and  covered  with 
an  insulating  compound  equal  to  that  of  the  wire,  and  protected  by 
waterproof  tape,  and  then  painted  with  waterproof  paint, 

167.  63,  Portable  Condneton. 
a.  Must  be  made  of  two-stranded  conductors,  each  having  a  carrying-capa- 
city equivalent  to  No.  14  B.  &  S,  wire,  and  covered  with  an  approved 
insulation.  When  not  exposed  to  moisture  or  severe  mechanical  injury, 
each  conductor  must  have  a  solid  insulation,  at  least  -gV  of  an  inch  thick, 
and  must  show  an  insulation  between  conductors  and  between  each 
conductor  and  ground  of  at  least  one  megohm  per  mile  after  one  week's 
submersion  in  water  at  seventy  degrees  and  after  three  minutes'  electri- 
ficatioo  at  550  volts,  and  be  protected  by  slow-burning,  tough-braided 
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covering.     Where  exposed  to  moisture  or  mechanical  injury,  each  con- 
ductor shall  have  at  least  j*!  of  an  inch  solid  insulation  protected  by 
tough  braid.     The   two   conductors  shall  then   be   stranded  together, 
using  a  jute  filling.     The  whole  shall  be  covered  with  a  layer  of  flax,    ' 
at  least  -^  of  an  inch  thick,  and  treated  with  a  non-initammable,  water- 
proof compound.     After  one  week's  submeraion  in  water  at  seventy 
degrees,  with  550  volts  and  a  three  minutes'  electrification,  must  show 
an  insulation  between  the  two  conductors,  or  between  each  conductor 
and  the  ground,  of  one  megohm  per  mile. 
63.  BeU  or  Other  "Wlrea. 
a.  Shall  never  be  run  in  .the  same  duct  with  lighting  or  power  circuits. 
168.     64.   Tkble  of  Gwulty  of  Wire*. 
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7 
7 
19 

19 

18 
17 
IS 
15 
18 

3 
6 

12 

17 
SI 
25 
30 
35 
40 

38.912 
49.077 
60,088 
76.776 
99,064 
124.928 
167,563 
198,677 
250.527 
296,387 
3T3,7.t7 
413,639 

19 
19 
37 
37 
61 
61 
61 
61 
61 
91 
91 
127 

17 
16 
18 
17 
18 
17 
16 
15 
14 

14 
16 

60 
70 
85 
100 
120 
146 
170 
200 
235 
270 
320 
3*0 

When  greater  conducting  area  than  that  of  12  B.  &  S.  G.  is  required,  the  con- 
ductor shall  be  stranded  in  a  series  of  7,  IB,  37,  61,  01,  or  127  wires,  as  may  be 
lequired;  the  strand  consisting  of  one  central  wire,  the  remaining  laid  around  it 
<^DC«iitrically,  each  layer  to  be  twistedin  the  opposite  direction  from  the  preceding. 
169.     65.   Bwitchboanla. 
1.  Must  be  of  nonrcombustible,  non-absorptive  insulating  material. 
i-  Must  be  kept  free  from  moisture,  and  accessible  from  all  sides. 
c-  Must  have  a  main  switch,  cut-out,  and  ammeter  for  each  generator,  a  volt- 
meter, and  ground  conductor. 
d.  Must  have  a  cut-out  and  switch  for  each  side  of  each  circuit 

leO.     66.   Re^sOauM  Bona. 
^'  Must  be  non-combustible  material. 
i-  Must  be  mounted  on  non-inflammable,  non-combustible  material,  preferably 

on  the  switchboard, 
^  Must  be  constructed  to  allow  suflicient  ventilation. 

161.     67.    SwitchM. 
!>■  Must  have  non-combustible,  non-absorptive  bases. 

t-  Must  operate  successfully  at  50  per  cent  overload  in  amperes,  with  25  per 
cent  excess  voltage  under  the  most  severe  conditions,  and  must  be  plainly 
t,  and  voltage. 


marked  witft  the  name  of  the  maker,  c 
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e.   Must  be  doubleiK^e  whca  circuits  which  they  control  supply  more  Uua  >lx 

16-caiulle-pOTrer  lamps  or  their  equivalent 
4.   Host,  when  exposed  to  dampness,  be  inclosed  in  %  watertight  case. 
102.    6a  (3i*.onls. 

a.  Must  have  non^ombustible,  non-absorptive  iaaulating  bases. 

b.  Must  operate  successfully  on  short  circuits,  with  fuses  rated  at  60  per  cent 

above  and  with  a  voltage  25  per  cent  above  the  current  and  voltage  for 
which  they  were  designed,  and  must  be  plainly  marked  with  the  name 
of  maker,  current,  and  voltage. 

c.  Must  be  placed  at  every  point  where  a  change  is  made  in  the  rise  of  the  ^ 

wire,  unless  the  cut-out  in  the  larger  wire  will  protect  the  smaller. 

d.  In  places  such  as  upper  decks,  holds,  cat^  spaces,  and  fire-rooms,  a  water- 

tight and  fireproof  cut-out  may  be  used,  connecting  direcdy  to  mains 

when  such  cut-out  supplies  not  more  than  six  IS-candle-power  lamps  or 

their  equivalent 
t.  When  placed  anywhere  except  on  switchboards  and  places  as  specified  in 

d,  they  shall  be  in  a  cabinet  lined  with  fire-resisting  materiaL 
/,  ShaU  be  so  placed,  except  for  motors,  searchlights,  and  diving-lamps,  that 

no  group  of  lamps  requiting  more  than  six  amperes  shall  depend  upon 

onecut-flut.  188.     69.  nxture.. 

a.  Shall  be  mounted  on  blocks  of  well-seasoned  lumber,  treated  with  two  coats 

of  white  lead  or  shellac. 

b.  Where  exposed  to  dampness,  the  lamp  must  be  surrounded  by  a  vapor- 

proof  globe,  and  where  exposed  to  mechanical  injury,  surrounded  by  a 
globe  protected  by  a  stout  wire  guard. 

e.  Shall  be  wired  with  the  same  grade  of  insulation  as  portable  conductors 

which  are  not  exposed  to  moisture  or  mechanical  injury. 
164.     7a  8oakBt& 
a.   No  portion  of  the  lamp«ocket  which  is  exposed  to  contact  with  outside 
objects  shall  come  into  electrical  contact  with  either  of  the  conductors. 


leS.     71.   Wooden  1 

a.  Must  be  of  well-seasoned  lumber,  and  treated  inside  and  out  with  two  coats 

of  white  lead  or  shellac. 

b.  Must  be  made  in  two  pieces,  so  constructed  as  to  thoroughly  incase  the 

wire,  and  provide  a  one-half  inch  tongue  between  conductors  and  a  solid 
backing  under  grooves  not  less  than  three-eighths  of  an  inch  thick. 

e.  Where  molding  is  run  over  rivets,  beams,  etc.,  it  must  be  secured  to  a 
backing-strip. 

4.  Capping  must  be  secured  by  brass  screws. 
166      n.  Motota. 

g.  Must  be  wired  under  the  same  rules  as  apply  to  circuits  of  the  same  cur- 
rent and  potential  for  lighting.  The  motor  and  resistance-box  must  be 
protected  by  a  double-pole  cut-out,  and  controlled  by  a  double-pole 
siritcb,  unless  of  one-quarter  horse-power  or  less. 

b.  Must  be  thoroughly  insulated. 

e.   Shall  be  covered  with  waterproof  covers  when  not  in  use. 

d.  Must  be  provided  with  a  name-plate,  with  maker's  name,  capacity  In  volt* 
and  amperes,  and  the  normal  speed  in  revolutions  per  minute.  ' 
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CHAPTER   VI. 
TBS  ooHBTRvonoir  OF  mrsBRasoinrD  cxBcuxm. 


167.  The  rapid  multiplication  of  electrical  circuits,  particularly 
in  business  centers  of  the  large  towns,  has  increased  the  number  of 
aerial  wires  to  such  an  extent  as  to  become  an  unbearable  street  ob- 
struction. To  obviate  this  diiRculty  the  practice  has  arisen  of  con- 
structing underground  subways,  or  conduits,  into  which  circuits  may 
be  placed. 

les.  Claaalflo ation.  —  Conduits  can  be  divided  into  two  classes, 
that  may,  respectively,  be  termed  flexible  and  inflexible  systems, 
depending  upon  the  possible  mutability  of  the  circuits  after  the 
structure  is  completed. 

In  the  flexible  system,  a  structure  is  designed  and  built  under 
the  pavement  of  the  street  in  such  a  manner  that  the  electrical 
circuits  which  it  is  to  contain  may  be  introduced  at  any  time  after 
the  completion  of  the  subway ;  and  from  time  to  time  the  circuits 
may  be  extended,  or  rearranged  or  replaced,  as  the  business  of  the 
territory  shall  indicate  to  be  advisable. 

Under  the  inflexible  system,  as  the  conduit  is  built,  all  of  the 
wires  which  it  can  ever  contain  are  introduced  at  the  time  of  con- 
struction, the  design  being  such  as  to  preclude  any  modification 
of  the  circuits  after  the  completion  of  the  work.  In  thickly  set- 
tled districts,  where  the  amount  of  electrical  business  can  be  fairly 
accurately  gauged,  and  in  which  the  changes  or  extensions  in  the 
business,  beyond  that  of  the  original  estimate,  are  small  from  year  to 
year,  the  inflexible  system  presents  the  advantage  of  cheapness  in 
initial  construction.  The  design  of  the  structure  must  contemplate, 
however,  sufficient  capacity  to  embrace  all  of  the  probable  business 
which  is  ever  likely  to  be  done,  for  increased  capacity  can  only  be 
secured  by  constructing  an  entirely  new  conduit.  The  inflexible 
system  being  more  economically  constructed,  and  of  more  economical 
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maintenance,  presents  the  attractiveness  of  cheapness,  though,  unless 
the  amount  of  business  can  be  accurately  gauged  and  located,  this 
very  quality  is  apt  to  prove  deceptive,  and  the  subsequent  cost  of 
extension  and  rearrangement  may  greatly  exceed  the  initial  expense 
of  a  flexible  system. 

With  the  flexible  system,  the  subways  are  designed  with  suffi- 
cient room  to  be  capable  of  receiving  all  of  the  circuits  which  the 
most  sanguine  estimate  of  the  business  of  the  future  can  call  for. 
The  conduits  are  planned  with  a  number  of  separate  chambers,  or 
ducts,  into  which  the  circuits  may  be  placed.  The  expense,  there- 
fore, of  the  conductors  can  be  reserved  until  business  shall  demand 
their  introduction. 

Every  form  of  conduit  should  embrace  the  following  condi- 
tions :  — 

The  conduit  should  be  reasonably  economical  in  cost  of  con- 
struction. 

It  should  afford  a  thorough  protection  to  the  inclosed  circuits, 
securing  them  from  the  effects  of  street  excavations,  and  from  the 
incursion  of  gas,  water,  or  organic  acids  from  the  streets,  and  should 
protect  the  insulation  of  the  circuits,  and  maintain  it  at  a  high 
working  average. 

It  must  be  rapid  and  easy  of  construction,  so  as  not  to  present 
undue  obstruction  to  street  traffic. 

It  must  be  sufficiently  flexible  to  accommodate  itself  to  existing 
street  structures. 

It  must  have  sufficient  mechanical  strength  to  successfully  resist 
the  ordinary  destructive  influences  to  which  street  structures  are 
exposed. 

It  must  present  a  minimum  annual  maintenance  expense, 

169.  The  Valentine  Conduit.  —  One  of  the  earliest  underground 
distributions  was  the  Valentine  system,  consisting  of  a  rectangular 
wooden  box  some  ten  to  fifteen  feet  in  length,  subdivided  by  ver- 
tical and  horizontal  partitions,  into  ducts  about  three  inches  square, 
for  the  reception  of  the  circuits.  These  boxes  were  constructed  of 
creosoted  yellow  pine,  and  were  buried  in  the  earth  at  a  safe  distance 
below  the  street  pavement.  At  the  joints  the  boxes  were  spliced  by 
wooden  battens,  covered  with  felt  and  thoroughly  pitched,  to  exclude 
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moisture.  After  the  wooden  box  was  laid,  the  whole  structure  was 
thoroughly  tarred  as  an  additional  precaution  against  decay. 

Experience  shows  that  conduits  of  wood  arc  the  cheapest  and 
most  easily  and  quickly  installed  of  any  form.  If  thoroughly  creo- 
soted  ^th  pure  dead  oil  of  tar  lead-covered  cables  can  be  safely 
installed,  but  with  all  precautions  the  hfe  of  a  wooden  conduit  is  short! 
in  comparison  with  that  of  other  forms,  possibly  a  life  of  twenty-five 
years  may  be  expected,  while  under  unfavorable  circumstances  ten  or 
Mteen  years  b  all  that  can  be  counted  on. 

170.  Tba  Wrokoffor  HaoDonald  Conduit.  — This  is  an  attempt 
at  a  structure  slightly  more  substantial  than  that  of  Valentine's.    It 


n§,  laa,    n$  Wgtlttt  at  UaaOii^i  CoWbK. 

conasts  of  a  number  of  circular  ducts,  as  represented  in  Fig.  133, 
bored  in  blocks  of  creosoted  wood,  the  blocks  being  tongued  and 
grooved  tc^jether  in  a  substantial  nuumer.  This  conduit  ought  be  so 
built  that  the  different  pieces  should  always  break  joint,  and  there- 
ioie  the  difficulties  of  unequal  settlement  of  succesave  lengths  is 
avoided.  The  WyckoS  is  laid  piedaely  the  same  way  as  the  Valen* 
tine. 
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171.  The  Paper  Condnit.  —  A  conduit  involving  the  use  <^ 
paper  tubes  has  been  proposed,  consisting  of  a  rectangular  wooden 
box  in  which  a  number  of  tubes  of  pasteboard  of  the  requisite  size 
are  laid,  and  the  interstices  between  the  tubes  tilled  with  asphalt 
As  a  result,  the  pasteboard  forms  a  mold,  around  which  the  asphalt 
may  be  poured,  thus  forming  a  block  filled  with  smooth  cylindrical 
holes  for  the  reception  of  the  circuits.  It  is  stated  that  this  device 
gives  good  results.  However,  there  is  as  yet  insufficient  experience 
with  it  upon  which  to  base  a  conclusive  verdict. 


Fit.  ta4.  Inn  Pip*  In  Ctaiult, 

172.  Pipe  Conduits.  —  Four  very  successful  forms  of  conduit 
depend  upon  the  use  of  metal  pipe,  surrounded  either  on  the  interior 
or  the  exterior  with  a  cementing  compound. 

First. —  Wrought-Iron  Pipe  in  Hydraulic  Cement.  —  This  con- 
duit is  constructed  by  opening  an  appropriate  trench  in  the  street, 
the  bottom  of  which  is  covered  with  a  layer  of  6"  or  7"  of  good 
concrete.  A  suitable  mixture  for  this  purpose  may  be  made  of  two 
parts  Rosendale  cement,  three  parts  sand,  and  five  parts  broken  stone 
After  the  bottom  is  thoroughly  leveled,  and  the  concrete  rammed 
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into  place,  being  carefully  graded,  a  layer  of  wrought-iron  pipe  of 
a[^ropriate  diameter  to  receive  the  circuits  is  laid  upon  the  concrete. 
These  pipes  are  jointed  by  m^ns  of  vanishing  screw  thread  coup- 
lings, making  a  joint  which  is  absolutely  tight.  An  entire  section 
of  conduit,  embracing  the  space  between  two  adjacent  manholes, 
is  laid  at  one  time.  As  soon  as  the  first  layer  of  pipe  is  in  its 
place,  the  spaces  between  and  around  the  tubes  are  carefully  filled 
with  concrete,  thoroughly  rammed  into  place.  Upon  the  setting  of 
this  concrete,  a  second  layer  of  pipe  is  introduced,  and  this  process 
repeated  until  a  sufficient  number  of  iron  pipes  are  laid  to  give  the 
necessary  capacity  to  the  subway.     See  Fig.  134. 

After'  the  last  row  is  in  place,  a  top  coating  of  concrete,  3"  to  6" 
in  thickness,  is  spread  over  the  pi[>e,  a  layer  of  plank  placed  upon 
the  top  of  the  concrete  to  secure  the  structure  against  damage  from 
the  tools  of  workmen  opening  the  streets,  and  the  pavement  re- 
placed. This  structure  makes  an  excellent  conduit  in  every  respect, 
being  probably  the  best  one  now  known.  It  is  water  and  gas  tight. 
It  may  be  built  to  accommodate  at  pleasure  any  number  of  circuits, 
and  is  sufficiently  flexible  to  enable  reasonable  bends  between  man- 
holes to  be  successfully  made;  and  in  cases  of  streets  crowded  with 
underground  structures,  the  iron  pipe  may  thread  through  or  around 
other  obstructions  in  a  way  impracticable  in  any  other  forin  of  con- 
duit Experience  with  this  form  of  subway  has  showii  that  in 
process  of  time  the  iron  pipe  may  rust  away ;  but  in  this  event  a 
smooth  cylindrical  hole  is  left,  extending  through  a  solid  block  of 
concrete,  which  during  the  time  required  for  the  destruction  of 
the  iron  pipe  has  become  as  hard  as  stone,  thus  leaving  ample  pro- 
tection for  the  inclosed  circuits.  While  from  a  constructive  and 
maintenance  standpoint,  this  device  presents  all  the  advantages  to 
be  desired  for  a  conduit,  it  is  quite  expensive  to  build. 

Second.  —  Wrougkt-Iron  Pipe  in  AspkalHc  Concrete.  —  A  sim- 
ilar conduit  has  been  proposed,  by  imbedding  wrought-iron  pipe  in 
asphaltic  concrete  instead  of  cement.  The  substitution,  however, 
af  the  asphalt  for  the  cement  concrete  possesses  no  particular  advan- 
tage, and  is  still  more  expensive  to  build 

Third.  —  Zinc  Tubing  in  Hydraulic  Cement.-— Ta  cheapen  the 
iron-pipe  conduit,  it  has  been  proposed  to  bed  zinc  tubing  in  hydraulic 
cement ;  the  idea  being  that  economy  would  be  affected  by  the  use 
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of  very  thin  and  light  zinc  tubing,  which  would  be  much  cheaper 
than  the  previously  proposed  iron  pipe.  The  zinc  tube  was  simply 
to  serve  as  a  mold  around  which  concrete  would  be  placed ;  the 
expectation  being  that  the  zinc  tube,  in  any  event,  would  certainly 
disappear,  leaving  the  desired  hole  in  the  cement.  This  dei-ice, 
however,  has  not  met  with  success,  as  the  zinc  tube,  when  made 


f\f.  135,  Otmmt-lltM  Inn  Up*. 

sufficiently  heavy  to  stand  the  ramming  of  the  concrete,  proved  more 
expensive  than  the  corresponding  iron  pipe. 

178.  Fourth.  —  Cement-Lined  Iron  Pipes.  —  Another  effort  to 
cheapen  the  iron-pipe  conduit  has  resulted  in  the  construction  of 
a  very  thin  pipe  made  of  sheet  iron  into  which  a  layer  of  cement 
is  introduced,  surrounding  a  mandrel,  that  is  subsequently  withdiami, 
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thus  leaving  a  continuous  tube  of  cement  protected  by  a  thin  shell 
of  sheet  iron,  the  expectation  being  that  pipe  of  this  description 
would  be  sufficiently  strong  to  stand  laying  in  the  street,  and  that 
after  the  pipe  was  once  in  place  it  would  be  protected  from  further 
injury  by  the  surrounding  concrete  and  soil  This  conduit  has  met 
with  much  deserved  success,  and  so  far  as  first  cost  is  concerned, 
is  decidedly  cheaper  than  that  involving  the  iron  pipe.  The  appear- 
ance and  method  of  constructing  a  conduit  of  cement-lined  iron  pipe 
are  shown  in  Fig.  135. 

174.  The  Dorset  or  CaUender-'Webber  Condtiit.  —  This  conduit 
consists  of  tubular  blocks  some  4  ft.  in  length,  made  of  asphaltic 
or  pitch  concrete  molded  around  mandrels  of  the  required   size  to 


Fig,  IK.  Tilt  Oorttt  Duct 

give  a  number  of  3"  holes  extending  entirely  through  the  block. 
See  Fig.  136. 

The  conduit  is  constructed  by  laying,  at  the  bottom  of  an  appro- 
priate excavation,  a  series  of  the  perforated  blocks ;  the  joints  being 
made  by  carefully  abutting  the  ends  of  successive  blocks,  and  uniting 
them  with  a  mixture  of  hot  asphalt,  pitch,  or  tar.  It  was  found, 
however,  exceedingly  difficult  to  align  the  blocks  sufficiently  ac- 
curately to  make  the  ducts  exactly  continuous ;  and  any  subsequent 
settlement  of  the  soil  caused  the  conduit  to  open  at  the  respective 
joints. 

176.  The  Chenowith  Conduit.  —  The  Chenowith  conduit  was 
an  attempt  to  build  between  manholes  continuous  tubes  of  cement. 
This  was  accomplished  by   making  a  series  of  mandrels  split  Ion- 
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gitudinally  into  three  parts,  held  in  place  during  construction  1 
spiral  ribbon  Bf  sheet  iron.  A  number  of  these  mandrels  were 
placed  at  the  bottom  of  the  street  excavation,  and  concrete  tamped 
solidly  around  them.  The  metal  ribbon  was  lubricated  with  soapstone 
to  facilitate  the  extraction  of  the  mandrel,  and  on  the  withdrawal 
of  the  mandrel  remained  in  place  in  the  concrete.  After  the  concrete 
is  set,  the  metal  ribbon  can  be  pulled  out  and  used  again.  By  this 
means,  between  successive  manholes,  a  continuous  block  could  be 


fig.  137.  10"  K  10"  T4rra  Cotta  Ouet 

constructed  having  the  appropriate  ducts  to  receive  the  necessary 
circuits. 

176,  The  Terra-Cotta  Conduit.  —  An  exceedingly  valuable 
form  of  conduit,  embracing  nearly  all  of  the  points  required  for  the 
successful  protection  of  electrical  circuits,  being  withal  economical 
to  construct,  has  been  found  in  the  use  of  terra-cotta  blocks  for  the 
purpose  of  forming  the  subway.  A  rectangular  pipe  is  made  of 
terra-cotta  ware  about  3  ft.  long,  having  a  partition  in  the  center. 
See  Fig.  137. 

Successive  lengths  of  this  pipe  are  joined  by  wrapping  the  suc- 
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ceeding  sections  with  heavy  jute  dipped  in  asphalt.  The  jute  wrap- 
ping makes  a  joint  which  successfully  holds  the  lengths  of  pipe 
correctly  in  place,  and  a  thorough  application  of  asphalt  ensures  a 
joint  which  is  water  and  gas  tight,  and  does  not  decay.  Care  must 
be  observed  not  to  apply  the  asphalt  too  hot,  or  the  jute  will  be 
injured.      The  conduit  is  formed  by  placing  at  the   bottom  of  the 


street  excavation  the  requisite  number  of  earthenware  pipe  to  give 
the  desired  capacity.  It  is  usual  to  lay  the  pipe  upon  a  bed  of  aan.- 
ci^c,  and  to  protect  it  on  either  side  and  on  the  top  by  a  concrete 
^14"  to  6"  thick.  Conduits  of  this  class  have  been  constructed 
to  a  large  extent,  and  so  far  have  proved  eminently  successful.  The 
chief  objection  to  this  style  of  construction  is  found  in  the  fact  that 


hyCoogle 


198  THE  ELECTRICAL    TRANSMISSION  OF  ENERGY. 

the  earthenware  pipes  are  so  designed  as  to  accommodate  several 
cables  in  one  duct.  While  there  is  tittle  or  no  difficulty  in  introdu- 
cing several  cables  into  one  division,  it  is  often  exceedingly  difficult 
to  withdraw  them  after  they  have  been  in  place  any  length  of  tiroe 
without  destroying  the  sheath.  The  operation  of  introducing  the 
10"  X  10"  terra-cotta  pipe  is  shown  in  Fig.  138. 

177.  Terra-Cotta  Separate  Daot  Brstem.  —  To  overcome  the 
difficulty  in  withdrawing  cables,  which  is  experienced  in  10"  X  10' 
ducts,  an  earthenware  conduit  has  been  devised,  which  consists  of 
a  number  of  blocks  of  earthenware  pipe,  each  havin,^  a  separnte 
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duct.  These  blocks  are  5"  square,  and  from  18"  to  2  ft.  in  length. 
They  are  made  of  earthen  pipe,  having  the  general  appearance  in- 
dicated in  Fig.  139. 

To  construct  a  subway  out  of  this  material,  an  appropriate  street 
excavation  is  made,  the  bottom  of  whicK,  after  having  been  carefully 
graded,  is  lined  with  a  layer  of  6"  of  concrete.  Upon  this  concrete 
the  earthenware  ducts  are  built,  in  precisely  the  same  fashion  as 
a  brick  wall  is  laid  up.  To  secure  proper  alignment,  it  is  customary 
to  lay  one  line  of  duct  through  the  center  of  the  trench,  to  guide 
the  alignment  of  all   the  succeeding  layers  of  pipe.     As  the  work 
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progresses,  mandrels  some  6  ft.  or  8  ft.  in  length,  which  closely  fit  the 
ducts,  are  placed  in  each  row  of  pipe,  thus  ensuring  correct  align- 
ment, until  the  cement  in  which  the  pipes  are  laid  has  had  a  chance 
to  set.  As  fast  as  the  subway  is  built,  the  mandrels  are  pulled  along, 
thus  keeping  the  pipe  constantly  in  true  line. 

Conduits  of  this  description  should  be  constructed  by  laying  the 
pipe  up  in  a  strong  mixture  of  either  Rosendale  or  Portland  cement. 
The  joints  in  the  pipe  should  be  hammered  down  so  as  to  be  as  close 
as  possible,  and  not  to  exceed  J".  As  all  the  pipe  in  burning  is 
slightly  concave,  care  should  be  taken  to  lay  the  subway  with  the 
convex  sides  upward  in  every  instance,  so  that  no  obstacles  may  be 
experienced  in  the  subsequent  introduction  of  the  cables.  As  the 
ducts  are  laid,  all  the  joints  between  the  successive  blocks  should  be 
thoroughly  grouted  with  cement.  This  form  of  conduit  presents 
the  advantage  of  great  flexibility ;  as  a  subway  of  any  number  of 
ducts  can  be  formed,  and,  in'  order  to  accommodate  street  obstruc- 
tions, the  geometrical  cross-section  of  the  conduit  can  be  varied  at 
pleasure.  After  completion,  a  scraper,  similar  in  shape  to  a  boiler- 
tube  cleaner,  should  be  drawn  through  each  of  the  ducts,  which  serves 
to  cut  away  and  clean  out  all  gravel  and  cement  which  has  found  its 
way  accidentally  into  the  ducts,  and  then  by  washing  the  ducts  with 
a  stream  of  water  from  a  hose,  a  clean,  polished  hole  is  obtained,  ex- 
tending between  the  adjacent  manholes.  While  this  form  of  conduit 
is  slightly  more  expensive  than  rectangular  earthen  pipe,  it  presents 
the  inestimable  advantage  of  giving  a  separate  duct  for  each  cable. 
The  method  observed  in  building  this  form  of  conduit  is  seen  in 
Fig.  140. 

178.  While  the  Camp  duct  presenjed  many  improvements  over 
the  older  10"  X  10",  it  was  open  to  some  objections.  The  multi- 
plicity of  separate  pieces  entailed  considerable  expense  in  laying, 
and  as  there  was  no  means  of  securing  the  ends  of  the  separate  tiles 
to  each  other,  there  was  always  the  possibility  that  subsequent  settle- 
ment or  misalignment  might  occur  and  produce  obstacles  to  the 
introduction  of  cable.  To  obviate  these  objections  conduit-makers 
have  studied  to  devise  means  whereby  several  ducts  could  be  com- 
bined in  a  single  tile  in  order  that  installation  cost  might  be  min- 
imized, and  to  produce  some  method  whereby  the  end  of  each  piece 
could  be  secured  to  its  neighbor  and  thus  prevent  any  possibility 
of  misalignment.     These  eflbrts  have  resulted  in  the  production  of 
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what  is  known  as  the  "  Multiple- Duct  Conduit."  of  which  there 
are  several  forms  on  the  market,  the  McRoy  being  the  first  to 
appear,  while  that  manufactured  by  the  American  Vitrified  Con- 
duit Co.  is  a  recent  exponent.  The  various  makers  adopt 
methods  of  construction  which  differ  slightly  in  details,  but  the 
result  in  all  cases  is  essentially  similar.  Fig.  141  is  a  representa- 
tion of  the  various  forms  of  ducts  produced  by  the  American  Vitrified 
Conduit  Co.    The  single-duct  tile,  as  it  is  seen  from  the  illustration, 


fla,  UJ.   Maniplt-Dmt  ComlulL 

closely  resembles  the  original  Camp  tile,  excepting  that  each  piece 
is  provided  with  a  molded  male  and  female  end,  something  after 
the  fashion  of  drain-pipe.  When  this  conduit  is  installed  the  male 
end  of  each  piece  is  thinly  coated  with  cement  mortar  and  inserted 
in  the  female  end  of  the  preceding  one,  the  projection  upon  the  male 
end  being  centered  by  the  concavity  in  the  preceding  piece,  while  the 
addition  of  the  mortar  is  assumed  to  make  the  joint  reasonably  gas- 
and  water-tight.  In  other  respects  the  installation  of  the  single' 
duct  sdl-cenlering  conduit,  as  this  type  is  termed,  is  the  same  as  that 
already  described  for  the  Camp  tile. 

179.  The  mi^tiple  duct  is  produced  by  forcing  the  properly  pre- 
pared clay  through  a  die  so  constructed  as  to  produce  a  tile  which 
contains  several  compartments  each  of  which  is  intended  as  a  single 
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fig.  142.    laying  »laHlplt  Dueta. 
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cable-space.  As  is  shown  in  Fig.  141,  the  multiple  duct  contains  two, 
three,  four,  six,  and  nine  cable-spaces  in  each  piece.  This  variety  enables 
the  engineer  greatly  to  economize  time  and  labor  in  street  work.  It  b 
often  possible  to  secure  the  desired  number  of  cabte-spaces  in  a  single 
piece  of  tile,  while  almost  any  combination  can  be  obtained  by  the  em- 
ployment of  three  or  four  pieces.  Along  the  sides  of  each  piece  a  quad- 
rilateral groove  or  channel  is  molded,  and  into  this  groove  a  similar- 
shaped  piece  of  steel  from  four  to  six  inches  long  is  inserted.  This 
steel  bar  acts  as  a  dowel,  and  in  this  way  the  alignment  of  each  piece 
with  its  preceding  and  succeeding  neighbors  is  secured. 

ISO.  The  general  method  of  constructing  multiple-duct  conduits 
is  shown  in  Fig.  142  and  in  Plate  III .  A  trench  of  sufficient  width  and 
to  contain  the  appropriate  number  of  ducts  is  excavated  in  the  street. 
After  being  carefully  leveled  to  proper  line  and  grade  the  bottom  of  the 
trench  is  paved  with  concrete  about  3"  thick,  and  upon  this  flooring 
the  tile  is  laid.  In  case  it  is  necessary  to  use  more  than  one  layer 
of  ducts  a  thin  coating  of  mortar  is  spread  upon  the  top  and  sides  of 
each  layer  and  the  succeeding  ones  bedded  in  the  mortar  in  the 
same  manner  as  adopted  for  the  single-duct  tile.  When  all  of  the 
tile  is  in  place  the  top  and  sides  are  covered  with  two  or  three 
inches  of  concrete  to  preserve  the  conduit  from  the  tools  of  street 
excavators.  In  some  cases  the  joints  between  successive  pieces  of 
ducts  are  protected  pnty  by  the  concrete  casement  which  surrounds 
the  conduit.  The  preferable  plan  is  to  make  the  joint  as  shown  in 
F^.  143-  This  artifice  consists  in  wrapping  each  joint  with  two 
or  three  layers  of  strong  burlap  previously  dipped  in  melted  asphalt 
and  then  mopping  the  entire  joint  with  a  coating  of  the  same 
substance  exactly  as  has  been  explained  for  the  10"  X  10". 

The  junction  between  the  conduit  and  the  necessary  man- 
holes is  made  as  exemplified  in  Fig.  144,  which  also  represents  a 
veiy  advantageous  method  of  constructing  manholes.  As  is  indi- 
cated in  the  illustration,  the  manhole  consists  of  a  monolithic 
structure  of  concrete,  which  is  made  by  building  a  mold  of  the 
appropriate  size  and  shape  to  form  the  manhole,  and  placing  it 
upon  the  top  of  a  concrete  floor  laid  upon  the  bottom  of  the  proper 
excavation  in  the  street.  The  sides  and  top  of  the  mold  are  then 
covered  with  a  layer  of  fi-om  six  to  eight  inches  of  concrete,  that  is 
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allowed  to  set,  after  which  the  mold  is  taken  to  pieces  inside  of  the 
manhole  and  passed  out  in  the  opening  left  in  the  top,  that  is  subse- 
quently furnished  with  the  proper  manhole  cover.  This  method 
gives  the  strongest,  most  durable,  and  cheapest  construction,  and 
is  always  advisable  where  street  obstacles  will  permit  of  its  adop- 
tion. Otherwise  manholes  are  constructed  of  brick,  as  shown  in 
Fig.  145,  the  end  of  the  conduit  being  built  into  the  manhole  wall. 
In  such  cases  it  is  customary  to  form  the  roof  of  the  manhole  by 
covering  the  top  of  the  manhole  with  old  rails  or  any  form  of  struc- 
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tural  steel  pieces  of  the  necessary  strength,  upon  which  a  course 
of  brick  is  laid,  and  the  completed  structure  provided  with  the 
proper  cover.  Fig.  145  contains  four  illustrations.  The  upper  one 
shows  an  elongated  vault  built  about  a  water-pipe;  the  second  one 
shows  a  manhole  ready  to  receive  the  ironwork  for  the  roof;  in  tlie 
lower  one  the  vault  is  shown  ready  to  receive  the  manhole  cover; 
while  the  third  illustration  from  the  top  indicates  the  finished  man- 
hole ready  for  the  reception  of  paving.  The  mechanical  features  of 
single-  and  multiple-duct  tile  are  shown  in  Table  No.  43. 
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n§.  146.    Brick  MaahBlt  BulHIng, 

181.  The  Crompton  System. — The  subways  so  far  considered 
have  been  only  adapted  to  the  use  of  highly  insulated  cables,  as  the 
designs  have  been  such  as  to  afford  no  insulation  to  the  circuits. 


,y  Google 


TBE  CONSTRUCTION  OF  UNDERGSOUND   URCUITS. 


Table  No.  43. 
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Several  European  attempts  have  been  made  to  construct  a  subway 
in  which  bare  copper  conductors  could  be  used,  thus  avoiding  the 
eipense  of  insulated  conductors.  Notable  among  these  systems  is 
that  of  Crompton,  which  has  received  quite  an  extended  development 
in  London,  Nottingham,  and  Birmingham.  In  the  Crompton  system 
the  conduit  is  usually  laid  under  the  foot-walks,  and  not  under  the 
street  proper,  as  is  customary  in  this  country.  The  construction 
involves  the  excavation  of  a  trench,  which,  for    the  oidinary-sized 


,y  Google 


208  THE   ElELTJ^ICAL    THANSMIiiSION  OF  Elf  ERG  Y. 

conduit  is  about  3  ft.  5"  wide,  by  1  ft.  9"  deep.  This  trench  is  then 
supplied  with  a  bottom  and  side  walls  of  concrete,  the  bottom  being 
about  3"  in  thickness,  while  the  sides  are  from  6"  to  8".  At  inter- 
vals of  about  50  ft.,  so  arranged  as  to  be  opposite  every  alternate 
house^  a  handhole  cover  is  introduced,  to  give  access  to  the  conduit 
for  the  purpose  of  taking  out  service  wires.  Directly  under  this 
handhole  a  heavy  rectangular  piece  of  oak  timber  is  set  in  the  con- 
crete sides  of  the  subway.  Upon  this  timber  the  requisite  number 
of  porcelain  insulators  are  placed  to  carry  the  circuits  for  which 
the  conduit  is  intended.      These   insulators   have  a  simple  slot   on 


their  tops  in  order  to  receive  and  carry  the  lines,  that  are  merely 
naked  strips  of  copper.  Fig.  146  indicates  a  half-plan  and  half-section 
of  the  conduit  at  a  handhole.  At  intervals  of  about  300  ft.  the 
handholes  are  made  quite  large  in  order  to  afford  the  necessary 
room  for  stretching  the  copper  strips.  The  subway  is  completed  by 
placing  the  requisite  iron  casting  at  each  of  the  handholes,  and  by 
covering  the  entire  top  of  the  trench  with  a  layer  of  Yorkshire  flag- 
ging, after  which  the  paving  of  the  foot-walk  is  replaced,  the  only 
indication  remaining  being  the  handhole  covers  at  the  houses.  The 
circuits  consist  of  copper  strips  about  J"  thick,  and  from  1"  to  Ij" 
wide.     The  conductors  are  introduced  by  running  a  cord  between 
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the  successive  handholes,  and  then  joining  the  copper  strips  in 
continuous  lengths  and  hauling  them  in.  The  hauling  cord  is  in- 
troduced by  attaching  it  to  the  collar  of  a  small  dog,  who  is  trained 
to  run  along  the  bottom  of  the  subway  from  handhole  to  handhole. 
At  each  handhole  cover  an  inspector  is  stationed  who  sees  the  copper 
ribbon  is  placed  in  the  slot  of  the  insulator  as  it  makes  its  appear- 
ance. When  a  length  of  800  ft.  of  copper  ribbon  is  introduced,  one 
end  of  it  is  made  fast  in  the  end  insulator,  and  then  by  means  of  a 
hydraulic  jack,  the  nbbon  is  pulled  up  to  the  appropriate  tension. 


fig  147    C  ompttHt  CBndu  t   Ung  tutlnal  Stet  on 


and  secured  at  the  other  end  in  a  similar  insulator.      The  method 
of  joining  and  securing  the  strips  is  indicated  in  Fig.  147. 

Here  it  will  be  seen  that  there  are  two  sets  of  heavy  oak  blocks 
(SB)  set  in  the  concrete.  On  these  blocks  the  insulators  (!)  rest, 
and  carry  clamp  (S),  that  by  means  of  set  screws  (W)  tightly  pinch 
and  hold  the  copper  strips  in  place.  A  pad  of  rubber  (R)  distributes 
the  pressure  equally  over  the  insulator  and  prevents  cracking  the 
porcelain.  This  structure  certainly  seems  to  present  a  maximum  of 
advantage  in  the  way  of  small  street  space  occupied,  ease  and  econ- 
omy of  construction,  and  flexibility  and  convenience  for  rearrange- 
ment or  extension  of  circuits.  The  English  reports  are  so  satisfactory 
that  it  seems  strange  that  similar  devices  are  not  tried  in  this  country. 
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182.  The  Brooks  System.  — This  system,  the  invention  of  Dawd 
Brooks  of  Philadelphia,  embodies  the  use  of  a  heavy  mineral  oil,  one 
of  the  best  insulators  known.  Mr.  Brooks's  invention  consisted  in 
placing  in  a  trench,  excavated  under  the  pavement,  an  iron  pipe  of 


Fit.  1*8.    Brooks  Sgatvn  Junttlon-Sox. 

sufficient  size  to  carry  the  necessary  conductors  for  the  system. 
Occasionally  a  rectangular  box  is  introduced,  as  shown  in  Fig.  148, 
into  which  each  end  of  the  pipe  opens  by  means  of  a  flanged  joint. 
This  box  serves  the  purpose  of  affording  an  opening  into  the  pipe 
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fig.  ISO.    Bnekt  Sftim  Cra—-nrM 


through  which  the  conductors  could  be  drawn  in.  At  various  inter- 
vals a  service-box,  as  shown  in  Fig.  149,  is  introduced,  by  means  of 
which  distribution  could  be  accomplished.  The  cables  used  in  the 
Brooks  system  consisted  of  solid  or  stranded  copper  conductors, 
shown  in  section  in  Fig.  150,  covered  with  a  layer  of  raw  jute  or 
hemp,   to   prevent    contact    between  the  conductors,  or  grounding 
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on  the  iron  pipe.  This  coveiing  was  placed  on  the  outside  of  the 
conductors  by  a  braiding-machine,  and  then  the  cable  drawn  into 
the  pipe  through  the  service-boxes.  As  soon  as  the  conductor  was  in 
position  the  pipe  was  filled  with  boiling  resin  oil,  which  formed  the 
insulating  material,  and  preserved  the  electrical  qualities  of  the  cable. 
While  in  some  instances  the  Brooks  system  has  been  found  to  stand 
up  admirably  under  severe  tests,  considerable  difficulty  has  been  ex- 
perienced in  keeping  the  pipe  sufficiently  tight  to  retain  the  fluid 
insulator.  For  electric  lighting  service  the  Brooks  system  has  in 
some  instances  given  fair  satisfaction  ;  yet  its  largest  use  has  probably 
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been  found  in  telephone  and  telegraph  work,  and  for  this  purpose  it 
has  not  fulfilled  expectations,  as  much  of  this  conduit  which  has  been 
introduced  has,  after  a  time,  been  found  gradually  to  fail  in  insulation. 
IBS.  The  Johnstone  System.  —  The  Johnstone  conduit  system 
bears  evidence  of  exceedingly  careful  design,  the  structure  having 
been  planned  to  meet  all  exigencies  to  which  subways  are  called  to 
tespond.  The  arrangement  consists  of  a  series  of  cast-iron  troughs 
niade  in  lengths  of  about  6  ft.,  so  designed  in  sections  that  a  con- 
duit of  any  desired  capacity  can  be  built.  The  sections,  as  shown  in 
the  illustration.  Fig.  151,  are  arranged  to  comprise  a  series  of  rect- 
ugular  ducts,  into  which  the  circuits  may  be  at  any  time  placed  by 
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drawing  in  cables  in  the  ordinary  'way^  '  At' frequent  intervals  a 
service-box  is  arranged  upon  the  top  of  the  upper  row  of  ducts,  out 
of  which  appropriate  leads  can  be  taken  to  serve  the  desired  instatla- 
tioa  At  the  street  corners  iron  manholes  (Fig.  152)  are  introduced, 
into  which  the  ducts  end,  and  from  which  all  rearrangements  or  cOn-' 
nections  can  be  made.     While  this  conduit  is  admirable  in  every' 
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respect,  it  is  one  of  the  most  expensive  forms  of  subway  constructed ; 
its  cost  being  so  great  as  to  almost  prohibit  its  use.      ■ 

184.  The  Kennedy  System.  —  The  -Westminster  Company  of 
London  have  employed  a  modification  of  the  Compton  cotiduit,  de- 
signed by  Professor  Kennedy,  that  has  given  good  satisfaction.  A 
general  idea  of  this  method  may  be  obtained  from  the  accompanying 
illustration,  Fig.  153,  showing  a  cross-section  of  this  conduit  de- 
sighed  to  carry  two  lines  of  main  feeds,  and  a  three-wire"  distributing 
sys^fti.     A  trench  is  excavated  in  the  street,  which,  in  a  manner 
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similar  to  that  of  the  Compton  construction,  is  lined  on  the  bottom 
and  sides  with  concrete.  The  conductors,  as  in  the  Compton  system, 
are  bare  copper  strips ;  but  instead  of  being  supported  upon  insulators 
set  in  oak  blocks,  the  insulators  are  solid  porcelain  supports,  which 


Fig.  163.    Smlim  of  K»itiiHlt  Sglfm. 

are  set  directly  in  the  concrete  bottom.  The  top  of  the  conduit  is 
covered  with  flagging  or  iron  casting.  The  circuits,  formed  of  bare 
strips  of  copper  wire,  are  drawn  through  the  conduit,  being  placed  in 
the  insulators  byi  means  of  han^hotes  in  a.  manner  similar  to  that 
adopted  by  the  Gompton  system,    i 
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185.  St.  James  System,  London.  —  This  arrangement  is  very 
similar  to  that  of  the  Compton  and  Kennedy  systems.  The  conduit, 
however,  instead  of  being  formed  of  concrete,  is  made  of  an  iron  trough. 
Fig.  154,  set  at  the  bottom  of  the  street  excavation,  thus  avoiding  the 
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use  of  cement,  and  greatly  expediting  the  street  work.  This  trough 
is  provided  with  a  water-tight  cover,  secured  hy  means  of  bolts  and 
packing.  At  frequent  intervals  throughout  the  trench,  a  porcelam 
bridge  is  placed  for  supporting  the  circuits,  which  consist  of  bare 
copper  strips  set  on  edge,  or  stranded  cable,  and  strained  to  be  suffi- 
ciently taut  to  remain  in  a  straight  line.  It  is  obvious  that  in  all  (rf 
the  systems  where  bare  wire  mains  are  employed,  special  precaution 
must  be  taken  to  insure  careful  drainage,  so  that  all  incursions  lA 
moisture  from  the  street  may  be  readily  and  quickly  removed  in 
order  not  to  flood  the  mains. 


186.  The  Parisian  Sretems.  —  A  large  part  of  the  under- 
ground distribution  of  Paris  has  been  accomplished  by  the  use  of 
bare  conductors  extended  through  concrete  trenches  in  a  manner 
similar  to  the  London  system.  The  subway  is  formed  by  exca- 
vating a  trench  under  the  sidewalk,  which  is  lined  with  concrete 
on  the  sides  and  bottom,  having  a  flagstone,  or  similar  covering, 
placed  over  the  top  (Fig.  155).  The  cables  are  almost  universal!)' 
bare  stranded  copper  wire.  They  are  carried  through  the  trench, 
being  supported  upon  porcelain  insulators,  carried  upon  iron  pio^ 
set  and  secured  in  the  concrete  forming  the  bottom  of  the  trench. 
In   many  of  the   German  and   Italian  cities  similar  methods  of 
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distribution  have  a  widespread  introduction,  and  are  successfully 
operated.  • 

187.  Inflexible  Systems.  —  The  examples  of  subway  systems 
so  far  cited  appertain  exclusively  to  the  flexible  system,  that,  owing 
to  its  greater  adaptability  to  service  fluctuations,  has  deservedly 
obtained  a  more  widespread  development.  In  the  succeeding  illus- 
trations the  inflexible  system  is  presented.  Numerous  modifications 
of  the  methods  here  given  will  readily  occur  to  the  facile  designer, 
in  order  to  adapt  this  principle  to  the  varying  circumstances  of 
particular  localities. 

188.  The  Callander  Solid  Byatem.  —  By  the  Callander  solid 
system  a  series  of  cast-iron  troughs  are  arranged  along  the  bottom  of 
a  trench  excavated  in  the  street.    In  the  troughs  the  requisite  number 

of  cables  are  extended,  supported  from 
time  to  time  upon  insulating  pieces  fixed 
in  the  troughs.  This  protection  is  found 
to  be  necessary,  from  the  fact  that  the  in- 
sulating compound,  with  which  the  trough 
is  to  be  filled,  is  never  absolutely  hard,  but 
behaves  like  a  very  viscous  fluid;  and  if 
the  cables  were  unsupported  they  would 
gradually  settle,  and  ultimately  lie  upon 
the  cast  iron  forming  the  exterior  of  the 
subway,  thus  short-circuiting,  and  spoiling 
the  entire  structure.  The  cables  are  usu- 
ally stranded  copper  rope  of  the  appropriate  size,  covered  with  an 
additional  insulating  compound.  In  view  of  the  melted  asphalt,  or 
insulating  compound,  which  is  subsequently  poured  in,  this  would 
seem  unnecessarily  expensive,  as  bare  copper  conductors  thus  ar- 
ranged would  answer  equally  as  well.  After  the  cables  are  in  place, 
the  entire  trough  is  filled  with  Trinidad  asphalt,  thus  completing 
the  structure,  and  presenting  an  appearance  as  indicated  in  Fig.  156, 
in  cross-section. 

The  troughs  are  laid  in  lengths  of  6  ft.,  and  are  of  about  ^"  in 
thickness,  a  cast-iron  cover  being  placed  over  the  top  to  protect  the 
conduit  from  injury.  At  appropriate  intervals  manholes  are  intro- 
<luced  (see  Fig.  157). 

The  design  of  manhole  adopted  by  the  Callander  system  is  one  to 
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afford  the  greatest  possible  protection  to  the  circuits.  As  indicated 
in  Fig.  157,  the  manhole  consists  of  an  excavation  below  the  street 
level,  into  which  is  set  an  iron  chamber  surmounted  with  a  water- 
tight cover,  which  is  screwed  down  and  rendered  moisture-proof 
by  being  bolted  to  a  rubber  gasket  that  sets  upon  the  top  of  the 
manhole  casting.  The  mains  contained  in  their  trough  of  asphalt 
are  carried  through  the   iron  walls  of  the  manhole  and  carrfully 
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cemented  into  place.  The  service  mains  are  in  a  similar  manner 
carried  out  through  a  hole  drilled  into  the  manhole  wall,  and  through 
a  packed  joint  that  is  moisture-proof.  The  cast-iron  box  forming  the 
manhole  is  set  inside  a  cemented  chamber  that  is  so  arranged  as  to 
be  entirely  surrounded  by  an  air-space,  into  which  drainage  may 
accumulate,  and  be  conducted  away  by  appropriate  connection  to  the 
sewer.  While  the  Callander  system  presents  a  very  perfect  form  of 
underground  service,  the  iron  trough  carrying  the  cable  seems  an 
unnecessarily  expensive  precaution. 
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189.  Two  forms  of  cheaper  construction  are  indicated  in  Figs. 
158  and  159.  The  arrangement  shown  in  Fig.  158  is  that  which  is 
adopted  in  the  distributing  systems  in  Cologne  and  in  two  or  three 
other  European  cities.  The  arrangement  consists  of  a  wooden  box, 
shown  in  cross-section,  into  which  a  carefully  insulated  concentric 
cable  is  placed,  being  suspended  at 
intervals  of  every  few  feet  by  means 
of  an  iron  strap.  After  the  cable  is 
laid  in  place,  the  box  is  poured  full 
of  asphalt,  or  concrete,  thus  entirely 
surrounding  the  cable  with  an  insu- 
lating material.  The  asphalt  and  the 
box  serve  to  protect  the  cable  from 
injury  in  the  street.  Installations  of 
this  description  have  given  good  ser- 
vice, though  they  have,  as  yet,  not 
been  in  operation  sufficiently  long  to 
determine  their  probable  life.  It  is 
necessary  to'  use  a  very 
carefully  prepared  cable, 
as  is  indicated  in  the  illus- 
tration. The  cable  is  con- 
centric, the  outer  conduc- 
tor of  which  is  protected 
by  two  lead  sheaths  and 
an  iron  armor.  The  ex- 
terior layer  is  of  tarred 
hemp.  It  will  also  seem 
that  an  installation  of  this 
kind,  made  and  protected 
by  only  a  wooden  box,  would  be  subject,  sooner  or  later,  to  the 
decay  of  the  woodwork. 

As  an  improvement  both  in  durability  and  economy,  the  con- 
struction indicated  in  Fig.  159  has  been  adopted  in  Zurich.  The 
cable  is  a  concentric  conductor,  insulated  with  paper,  and  having  a 
lead  sheath  separating  the  inner  and  outer  mains.  The  conduit 
consists  of  an  earthenware  trough  placed  just  beneath  the  pavement 
level.     It  is  strong,  simple,  cheap,  can  be  rapidly  laid,  and  afiEords  an 
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excellent  mechanical  protection  to  the  cable.  It  is  made  in  sections 
of  3  ft.  in  length,  and,  if  carefully  placed  in  the  street  excava- 
tion, requires  only  a  little  grouting  at  the  joints.  The  cables  are 
simply  laid  at  the  bottom  of  the  earthenware  trough,  which  is  then 
filled  with  sand,  and  completed  with  an  earthenware  cover.  Some 
18  miles  of  this  conduit,  containing  60  miles  of  cable,  are  in  active 
operation. 

190.  Maoholea.  —  It  is  essential,  at  frequent  intervals,  to  pro- 
vide means  of  access  to  underground  conduits  for  the  introduction  or 
rearrangement  of  circuits,  for  distribution,  and  for  such  changes  in 
direction  of  the  subway  as  the  location  of  streets  renders  essential. 
Such  opportunities  for  access  consist  in  chambers,  constructed  under 
the  pavement  of  the  streets,  of  sufficient  size  to  allow  reasonable 
room  for  two  or  three  men  to  work.     Usually  these  chambers  are 
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rectangular  vaiilts,  built  of  either  concrete  or  brick.  They  are 
roofed  over,  either  with  arches  or  structural  iron  carrying  an  arch 
brick,  and  provided  with  an  iron  frame  supporting  the  manhole 
cover.  The  various  branches  of  the  conduit  are  arranged  to  extend 
through  the  walls  of  the  chamber,  giving  free  access  to  all  of  the 
ducts  converging  at  the  particular  manhole.  It  is  advisable  to  con- 
struct the  manholes  of  ample  dimensions ;  for  while,  by  increasing 
the  size  of  the  chamber,  the  initial  cost  of  the  underground  system 
is  slightly  augmented,  yet  the  future  expense  entailed  in  introdu- 
cing the  circuits,  and  the  labor  constantly  necessitated  by  the  re- 
arrangement and  maintenance,  is  so  much  decreased  by  affording 
to  the  workmen  a  reasonable  amount  of  space  in  which  to  perform 
their  avocations,  that  the  extra  capital  invested  is  usually  found  to  be 
well  expended. 

A  vault  5  ft.  wide  by  7  ft  long,  and  from  4  ft.  6"  to  6  ft.  high, 
is  as  small  as  should  be  designed  for  large  underground  systems, 
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where  considerable  splicing  and  rearrangement  of  circuit  is  to  be 
expected. 

Inasmuch  as  the  manholes  are  the  lowest  points  of  the  sub- 
way, it  is  essential  to  provide  for  drainage,  by  connecting  the 
bottoms  of  each  of  the  vaults  with  the  sewers,  by  the  means  of 
an  ample   drain-pipe    provided   with  a  catch-basin    and  trap.      If 


precautions  of  this  kind  are  omitted,  it  frequently  happens  that 
in  heavy  rainfalls  the  conduit  becomes  flooded,  and  the  circuits 
niuch  injured.  This  provision  is  of  paramount  importance  in  sub- 
ways containing  uninsulated  circuits.  If  lighting  circuits  are  rea- 
sonably convenient  of  access,  it  is  well  to  arrange  in  the  vaults 
provision  for  incandescent  lamps,  as  by  this  means  workmen  are 
afforded  reasonable  illumination  for  the  prosecution  of  their  work. 
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and  all  of  the  dangers  attendant  upon  lanterns,  or  other  methods 
of  lighting,  are  avoided.  While  the  manholes  are  in  use  by  the 
workmen,  it  is  necessary  to  provide  some  method  of  protection 
to  prevent  travel  in  the  street  from  being  injured  by  falling  into 
the  manhole,  and  also  to  prevent  injury  occurring  to  the  workmen 
from  causes  of  this  kind.  It  is  common  to  arrange  a  circular  iron 
pipe  guard,  so  designed  as  to  be  readily  folded  up.  The  guard 
can  be  unfblded  and  secured  by  setting  inside  the  iron  ring  forming 
the  manhole;  and  then  a  suitable  red  flag,  lantern,  or  other  signal 
can  be  attached  in  order  to  call  the  attention  of  the  passer-by  to 
the  fact  that  the  street  is  open  at  these  points. 

As  an  example  of  manhole  construction,   Fig.   160   is   from  a 


photograffti  of  the  terminal  manhole  of  a  large  underground  sys- 
tem. The  subway  may  be  se^n  entering  the  ,wall  of  the  manholft 
the  lower  rows  of  ducts  being  filled  with  caUes  that  in  the  fore- 
ground turn  -and  run'-upward>-ifito  tlie  statiut^above.^  .. 

As  additional  illustration,  the  vault  of  the  Johnstone,  pig.  152, 
a  splendid  but  expensive  device,  and  that  of  the  Callendei  Solid 
System,  Fig.  157,  may  be  consulted. 

The  typical  manhole  adopted  for  New  York  subways,  arranged 
for  distributing  circuits  of  all  kinds,  is  shown  in  Figs.  134  and  161. 
In  Fig.  161  the  cross-section  of  the  construction  is  shown,  indi- 
cating a  brick  or  iron  chamber,  into  which  the  iron-pipe  duds 
open.  Special  attention  is  given  to  the  method  of  securing  the 
■cover  in  order  to  hermetically  seal  the  chamber.    The  device  con- 
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sists    in   a  heavy  iron  frame   carrying  two  covers  —  an   inner  and 
an    outer   cover.     The   inner   cover   rests   upon    an   elevated   ring ; 
tightness  being  secured  by  means  of  a  circular  cylindrical  gasket ; 
the    cover  being  forced  into  place  by  means  of  the  screw  b,  and 
cross-piece    ^.       Drainage    is    secured    by    connecting    the    gutter 
formed  by  the  elevated  ring  to  the  sewer  by  means  of  the  pipe  P. 
The    structure  is  completed  by  the  addition  of  the  street  cover. 
The   perspective    view    of 
this   method   of    construc- 
tion is  shown  in  Fig.  134, 
wherein  the   arrangement 
for  aiding   the  ventilation 
of  the  subways  by  means 
of   a  large  air-pipe  placed 
parallel  to,  and  in  the  same 
trench  with,  the  ducts,  will 
be    noted.      The  air-pipes 
extend    from    the    blower 
stations  and  connect  with 
the     various      manholes  ; 
maintaining        throughout 
the  subway  system  a  pres- 
sure slightly  in  excess  of 
that    of    the    atmosphere, 
thus    preventing    the    in- 
gress of  gas. 

191.  Junction-Box  for 
Underground     Bailway 

fig.   '83.    strut  RaUvag  JunctlonScx. 

Feeds.  —  A  large  system 
of  underground  distribution  has  recently  been  installed  in  Phila- 
delphia, in  connection  with  the  substitution  of  electricity  for  animal 
power  upon  the  street  railway  lines. 

The  conduits  consist  of  cementTlined  iron  pipes,  set  in  concrete. 
The  main  subway  from  the  station  consists  of  eight  pipes,  three 
inches  in  internal  diameter,  laid  two  feet  deep,  and  intended  each  to 
carry  two  No.  0000  lead-covered  cables.  The  manholes  are  placed 
at  suitable  distances,  to  enable  careful  and  efficient  handling  of  the 
wires,  and  to  allow  the  railway  company  to  make  any  combination 
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or  reairangement  of  the  circuits  of  the  different  streets,  as  may  be 
found  advisable.  The  accompanying  illustration,  Fig.  1^,  includes 
the  design  of  a  manhole  which  has  been  worked  out  in  admirable 
fashion  for  this  purpose. 

A  circular  iron  chamber  is  arranged,  carrying  six  inlets,  some, 
thing  in  the  shape  of  a  six-point  star.  Each  of  the  inlets  consists 
of  a  stuffing-box,  through  which  the  cable  is  introduced  into  the 
interior  of  the  manhole  by  means  of  a  water-tight  joint,  to  which 
the  duct  of  the  subway  is  hermetically  attached.  All  of  the  cables 
thus  open  into  the  box,  and  may  obviously  be  arranged  or  changed 
in  any  desired  manner.  The  cover  of  the  box  is  firmly  locked  in 
place  by  means  of  bolts  and  a  water-tight  gasket. 

193.  Introdaotion  ctf  Cirouits.  —  After  the  completion  of  the 
underground  structure,  the  introduction  of  the  circuits  becomes  a 
matter  for  consideration.  This  is  accomplished  by  the  process  of 
"  rodding."  The  workmen  are  supplied  with  a  number  of  light- 
jointed  pine  sticks,  about  j"  in  diameter,  and  from  3  to  4  ft.  in 
length.  These  rods  are  equipped  with  a  screw  or  bayonet  joint  at 
either  end,  that  they  may  be  successively  jointed  together  in  series. 
Upon  entering  the  manholes,  the  operator  proceeds  to  connect  up  one 
or  two  lengths  of  these  sticks  or  rods,  and  pushes  them  through  the 
duct  of  the  subway,  into  which  it  is  proposed  to  introduce  the  circuit. 
By  successive  additions  to  the  rod,  it  may  he  thus  shoved  entirely 
through  the  duct  into  the  next  adjacent  manhole.  Connection  is  thus 
obtained  between  the  two  manholes,  whereby  a  rope  or  wire  may  be 
extended  through  the  duct.  As  soon  as  this  is  accomplished,  the 
reel  upon  which  the  conductor  is  wound  is  placed  over  the  opening 
into  one  of  the  manholes,  and  cables  lowered  into  the  vault  around 
a  large-sized  sheave  or  pulley,  and  introduced  into  the  duct.  The 
cable  is  then  attached  to  the  rope,  and  hauled  through  the  duct  from 
one  manhole  into  the  next  one ;  the  necessary  traction  being  sup- 
plied by  means  of  a  fall  and  windlass  located  at  the  farther  vault. 
Thus  length  after  length  of  circuit  may  be  introduced,  until  the 
entire  quantity  is  laid.  The  different  lengths  may  be  then  spliced 
so  as  to  form  a  continuous  circuit. 

Where  it  is  deared  to  rod  a  number  of  ducts  extending  between 
two  adjacent  manholes,  the  process  may  be  very  greatly  facilitated 
by   the    recently  devised  method  of  "Pneumatic  Rodding."    The 
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voriunen  in  one  manhole  are  furnished  with  a  "  dait,"  which 
is  a  spool-shaped  piece  of  wood  aoout  six  inches  long,  having 
a  leather  vasher  on  each  end,  arranged  to  make  the  dart  fit 
tightly  into  the  ducts.  The  rear  end  of  the  dart  carries  a 
ring  to  which  a  light  cord  is  attached,  loosely  coiled  on  the  bottom 
<^  the  manhole.  At  the  more  remote  manhole,  the  workmen  are 
provided  with  an  air-pump  capable  of  being  fitted  over  the  mouth  of 
the  duct.  The  dart  being  placed  on  the  mouth  of  the  duct,  a  few 
strokes  of  the  air-pump  produce  sufficient  vacuum  to  cause  the  dart 
to  fly  swiftly  through  the  duct,  dragging  the  cord  after  it,  a  few 
seconds  of  time  being  all  that  is  required  to  perform  the  operation. 

108.  Qas.  —  Perhaps  the  greatest  danger  to  which  underground 
subways  are  exposed  is  the  accumulation  of  illuminating  gas,  either 
in  the  ducts  or  in  the  vaults.  The  pipes  forming  the  gas-plants, 
ramifying  through  the  streets  rf  all  the  larger  towns,  are  usually 
constructed  of  cast  iron,  which  permits  a  considerable  leakage  of 
gas  directly  through  the  material  of  the  pipe  itself.  In  addition 
to  this,  the  leaky  joints  and  service-pipes  are  sufficient  to  completely 
impregnate  the  soil  of  the  streets  with  illuminating  .gas.  In  fact, 
the  statistics  of  some  cities  show  that  the  gas  companies  are  un- 
able to  account  for  some  15  to  20  per  cent  of  the  gas  manufac- 
tured by  them,  this  loss  being  almost  entirely  ascribed  to  street 
leakage.  The  vaults  and  ducts  of  the  subways  form  convenient 
places  for  the  accumulation  of  the  gas,  which  collects  in  them  by 
percolating  through  the  soil.  In  the  early  days  of  subway  construc- 
tion, many  serious  accidents  happened,  either  from  asphyxiation  of 
the  workmen  entering  the  vaults  for  the  purpose  of  drawing  in,  or 
making  changes  in,  the  circuits,  or  from  veritable  explosions  in  the 
subways,  due  to  the  gas  forming  explosive  mixtures  with  the  atmos- 
phere, and  chancing  to  ignite  from  some  accidental  spark.  To 
■obviate  casualties  from  this  cause,  it  is  now  customary  to  provide 
all  of  the  important  subways  with  means  of  ventilation,  two  plans 
having  been  adopted  which  have  proved  fairly  successful. 

First,  —  The  least  ecpensive  method  consists  in  grading  each 
subway  between  adjacent  manholes,  so  that  the  ducts  shall  have  a 
slight  fall  from  one  manhole  to  the  next.  In  order  to  provide  for  . 
a  reasonably  uniform  grade  throughout  the  entire  subway,  sections 
between  the  manholes  can  be  arranged  so  that  two  adjacent  sections 
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grade  into  the  manhole,  and  the  next  two  grade  away  from  the  man- 
hole. Then,  if  the  cover  of  the  vault  is  arranged  with  suitable 
openings,  so  as  to  provide  a  chance  for  the  entrance  of  air,  it  is  found 
that  the  subways  will  keep  fairly  pure,  tn  cases  where  the  gas  leak- 
age into  the  soil  is  not  loo  rapid  or  excessive. 

Second.  —  The  method  of  ventilation  which  is  perhaps  the  surest, 
although  the  most  expensive;  requires  the  installation  of  one  or  more 
ventilating  plants  at  various  points  along  the  subway.  Under  these 
circumstances  no  particular  attention  need  be  paid  to  grading  the 
conduit,  excepting  for  purposes  of  drainage ;  and  the  vault  covers, 
instead  of  being  rendered  open  to  the  atmosphere,  are  made  as 
nearly  air-tight  as  is  practicable.  At  the  epds  of  the  subway,  or 
if  thfe  length  of  the  underground  construction  requires  it,  at  several 
intermediate  points;  ventilating  plants  are  arranged,  consisting  of  air- 
blowers  driven  by  some  form  of  prime  mover,  which  constantly  forces 
into  the"  subway  quantities  of  fresh  air.  At  first  sight  it  would  seem 
as  if  it  were  essential  to  keep  a  steady  flow  of  air  through  the  sub- 
way, in  order  to  clear  the  ducts  of  the  accumulation  of  gas ;  but,  on 
the  contrary,  the '  attempt  of  the  ventilating  plant  is  to  produce  a 
pressure  in  the  subway  which  is  a  little  greater  than  that  of  the 
atmosphere.  Under  these  circumstances  the  incursion  of  gas  into 
the  subway  is  prevented  from  the  mere  fact  that  the  pressure  there 
being  greater  than  that  of  the  exterior  atmosphere,  causes  the  gas 
to  flow  away  from  and  not  toward  the  subway.  Under  these  circum- 
stances, the  air  which  is  forced  in  finds  a  natural  outlet  through  the 
porosity  of  the  soil  itself. 

1B4.  Metallic  Conduits  and  Cable  Sheaths  for  Alternating 
Currents.  —  With  the  ■  extending  tendency  to  transmit  energy  by 
means  of  alternating  currents,  the  question  of  the  effect  of  metallic 
sheaths  for  conductors,  or  metallic  structures  for  conduits,  assumes 
considerable  importance.  Lead  and  iron  are  the  only  metals  that 
have  so  far  been  used  for  this  purpose.  The  impedance  to  which  any 
alternating  current  is  subjected,  is  greatly  aff'ected  by  the  magnetic 
permeability  of  the  medium  surrounding  the  conductors ;  and  also 
depends  upon  the  mechanical  disposition  of  the  media.  Conductors.; 
which  are  sheathed  with  metal  so  disposed  as  to  form  a  closed  rircitH ' 
have  the  impedance  factor  largely  increased.  Iron  sheaths  still  fur- 
ther augment  it.     If  all  the  constants  of  a  circuit  are  known,  it  is 
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possible  to  calculate  the  impedance ;  but  the  value  of  many  of  the 
factors,  however,  is  still  quite  uncertain.  Some  French  experiments 
upon  lead-covered  cables  and  currents  at  a  frequency  of  100  per 
second  show  the  conductors  to  be  subjected  to  a  loss  of  energy 
varying  from  1  to  2  per  cent.  With  iron  sheaths,  from  5  to  10  per 
cent  loss  is  reported,  with  one  extraordinary  instance  of  a  35  per  cent 
loss.  While  this  subject  needs  much  more  investigation,  it  is  cer- 
tainly safe  from  present  appearances  to  relieve  alternating  circuits 
from  the  presence  of  metallic  surroundings. 
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CHAPTER    VII. 

THB   OONSnra^nON  of  umBRfiHIOUNS  dHODin, 
CABLES  AND   COm>0TT  CONDDCTOKS. 

Art.  196.  Conduit  Conduoton.  —  For  all  underground  circuits, 
excepting  such  as  are  designed  to  go  into  conduits  arranged  for  bare 
conductors,  some  special  form  of  insulation  is  essential  in  order  to 
maintain  the  electrical  integrity  of  the  circuits.  To  accomplish  this 
end,  various  designs,  leading  toward  the  formation  of  the  conductor 
into  cables,  have  been  invented. 

196.  Armor«d  Cables. — The  Siemens  Cables. — The  earliest 
attempts  toward  the  construction  of  underground  circuits  consisted 
in  the  mere  excavation  of  a  trench  through  the  street,  into  which 
the  insulated  cable,  carrying,  the  distributing  circuits,  was  placed. 
Experience  demonstrated  that  it  was  difficult  to  build  a  cable  with 
sufficient  mechanical  strength  to  be  self-protective  against  destruc- 
tive influences  constantly  at  work  to  cause  the  deterioration  of  street 
structures.  Even  the  best  armored  cables  are  liable  to  be  ruined  by 
a  single  stroke  of  the  pickax ;  so  additional  precaution  was  needed, 
thus  causing  the  development  of  the  more  modem  types  of  sub- 
way structures.  The  armored  cable,  however,  is  by  no  means  to  be 
despised  as  a  method  of  underground  distribution.  On  the  con- 
trary, the  entire  system  adopted  by  the  Siemens  Bros,  is  based  upon 
a  superior  construction  of  the  cable  (provided  with  ample  protection 
against  damage),  laid  directly  in  trenches  excavated  under  the  pave- 
ment in  the  street  The  Siemens  cable  is  of  the  concentric  type ; 
that  is,  the  two  conductors  forming  the  circuit  are  not  laid  side  by 
side,  but  are  arranged  one  inside  the  other,  separated  by  the  appro- 
priate insulating  material.  Two  advantages  accrue  from  this  method 
of  construction,  one  being  a  notable  saving  of  space,  Insulating  mate- 
rial, and  cost  of  manufacture,  and  the  other  the  practical  impossibility 
of  forming  a  short  circuit  with  any  exterior  object,  thus  affording 
an  immunity  against  fire  risks  or  injuries  to  workmen.     Three  of 
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the  most  valuable  fonns  of  concentric  cable  are  shown  in  Figs-  163, 
1&4,  and  165. 

Cable  No.  1,  Fig.  163,  is  used  by  the  electric  light  installations 


fig.  193.    Sltmtnt  JncontfMMfit  Ught  Cablt.  Parlt.     Ho.  1. 

in  the  Thi4ter  du  Chatelet,  and  the  Op6ra  Comique,  Paris.     This 
cable  has  a  central  conductor  of  61  wires,  each  of  three  millimeters 


rit.  784.    enliOB  Cablt.  Parli. 


in  diameter,  separated  by  a  layer  of  rubber  five  millimeters  (^  of 
an  inch)  in  thickness,  outside  of  which  is  placed  a  surrounding  con- 
ductor composed  of  22  strands,  each  of  7  wires.  If",  millimeters  in 
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diameter.  A  second  coating  of  india-rubber,  covered  with  a  lead 
sheath,  completes  the  cable. 

Cable  No,  2,  Fig.  164,  is  the  cable,  used  by  the  Secteur  Edison 
in  Paris,  that,  in  addition  to  the  concentric  conductors  and  lead 
sheath,  is  provided  with  a  steel  wire  armor. 

Cable  No.  3,  Fig.  165,  is  a  special  cable  used  by  the  Siemens 
Bros,  on  the  five-wire  system  that  they  have  established  in  Paris. 

1  and  2  are  the  concentric  conductors;  3  the  balancing  main, 
to   which   allusion   will  be   made  in   the  chapter  on  parallel    distri- 


1 


Fig.  les.    SItmtna  Oaicntrle  CaUt.     We.  3. 

bution  ;  a,  b,  and  c  insulation  ;  B  lead  covering  ;  J  jute ;  A  asphaltum 
insulation  ;  and  E  .iron  armor. 

The  mains  are  laid  by  merely  excavating  a  trench  in  which  a  bed 
of  sand  is  placed  for  the  reception  of  the  cable. 

The  methods  of  making  service  connections  are  indicated  in  Fig. 
166,  being  very  similar  to  the  Edison  system  adopted  in  this  coun- 
try. In  order  to  protect  the  cable  from  excavators,  it  is  customary 
to  lay  directly  over  the  mains  a  layer  of  plank  or  a  length  of  iron- 
wire  netting.  While  the  iron-wire  netting  may  call  the  attention  of 
the  excavator  to  the   presence  of  the   structure  beneath  him,  the 
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plank  is  found  to  be  by  far  the  most  sufficient  protection,  inas- 
much as  it  actually  prevents  pick  or  shovel  from  cutting  through 
and  coming  in  contact  with  the  cable. 

107.  The  Edison  System.  —  Under  this  system,  bare  conductors 
are  inclosed  in  an  iron  pipe,  protected  by  an  insulating  compound, 
the  iron  pipe  having  ample  strength  to  protect  the  circuits  from 


esternal  injury.  The  Edison  circuit  is  formed  by  inclosing  in  a 
l6-ft,  length  of  iron  pipe,  about  3"  in  diameter,  three  copper  con- 
ductors of  appropriate  size.  These  conductors  are  separated  from 
each  other  by  winding  each  one  with  a  loose  spiral  of  jute  or  cotton 
yam  of  sufficient  thickness  to  insure  the  separation  of  each  individ- 
ual rod  from  any  of  its  neighbors,  and  from  the  exterior  pipe.  The 
three  copper  rods,  after  having  been  wound  in  this  fashion,  are 
Inindled  together,  and  slipped  inside  of  a  length  of  iron  pipe.     When 
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the  rods  are  in  position  the  pipe  is  poured  full  of  a  melted  special 
insulating  compound,  that,  on  cooling  and  hardening,  holds  the  con- 
ductors firmly  in  their  place.  As  soon  as  the  insulating  material 
has  hardened,  the  completed  section  of  pipe,  with  its  three  con- 
ductors, is  carefully  tested,  and,  if  found  satisfactory,  becomes  a 
complete  section.  All  of  the  Edison  underground  plant  is  planned 
upon  the  three-wire  system.  Four  different  siaes  of  pipe,  carry- 
ing correspondingly  different  sized  conductors,  are  in  common  use, 
and  are  as  follows :  — 

\\"  pipe  contaiiting  80  M  to  130  M  circular  mils  of  conductor. 
2"  pipe  containing  150  M  to  300  M  circular  mils  of  conductor. 
2i"  pipe  containing  330  M  lo  600  M  circular  mils  of  conductor. 
S"    pipe  containing  700  M  to  one  million  circular  mils  of  conductor. 

The  cross-sections  of  the  various  sizes  of  electrical  tube  are 
shown  in  Fig.  167.  To  lay  the  mains,  excavation  is  made  in  the 
street  just  under  the  surface  of  the  pavement.  Successive  lengths 
of  appropriate  size  electrical  tubes  are  then  laid  loosely  along  the 
bottom  of  the  trench ;  each  successive  length  is  connected  to  its 
neighbor  by  means  of  a  junction-box  shown  in  Figs.  167  and  168. 

In  the  illustrations  it  will  be  seen  that  the  two  ends  of  the  pipe 
enter  an  egg-shaped  casting  through  two  water-tight  sleeves  at 
either  end  of  the  oval.  Inside  of  the  casting,  the  separate  con- 
ductors are  joined  by  connectors  formed  of  heavy  copper  rope. 
The  connectors  are  screwed  to  the  conductors  by  means  of  set 
screws  running  through  copper  castings  on  the  ends  of  the  con- 
necting rope.  After  the  connectors  are  in  place,  they  are  thor- 
oughly soldered  to  the  ends  of  the  mains,  thus  making  the  electrical 
joint.  The  covering  of  the  egg-shaped  casting  is  screwed  down 
upon  the  lower  half ;  and  by  means  of  a  small  hole  in  the  top  of 
the  casting,  the  whole  of  the  box  is  filled  full  of  melted  insulating 
compound,  thus  forming  an  absolutely  water-tight  joint.  To  con- 
nect the  consumer  to  the  main  line,  a  junction-box  is  provided 
which  takes  the  place  of  the  ordinary  connecting-box  joining  the 
ends  of  the  two  successive  pipe  lengths.  Fig,  168.  The  service-box 
is  essentially  the  same  as  the  junction-bo.\,  with  the  exception  that  it 
has  three  outlets  instead  of  two,  the  third  outlet  forming  a  means 
whereby  a  third  electrical  tube  may  be  carried  from  the   street 
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main  to  the  inside  of  the  wall  of  the  premises  of  the  consumer. 
At  various  points  along  the  underground  net-work,  large  distrib- 
uting-boxes are  placed,  into  which  all  of  the  mains  from   several 


Fig.  tt7.    CilHon  . 


adjacent  streets  extend.  By  means  of  the  flexible  connections 
shown  in  Figs.  167  and  168,  any  desired  combination  or  rearrange- 
ment of  the  circuits  may  be  effected.  The  service-box  also  forms 
a  ready  means  of  testing  and  inspecting  all  of  the  circuits  so  as 
to  insure  their  adequate  and  proper  maintenance.      The  Edison 
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system  of  conduit  has  in  this  country  received  very  large  develop- 
ment, a  great  proportion  of  our  cities  being  supplied  with  incan- 
descent lights  by  means  of  this  system.    The  Edison  system  presents 


4^ 


fit-  JSa.     EdlKm  Dlttrlbutlng  anil  Sanlet  Bom. 

the  advantage  that  all  the  work  of  manufacture  can  be  done  in  the 
factory  by  machinery,  by  skilled  labor,  and  under  the  supervision 
of  thoroughly  competent  inspectors.  The  street  work  simply  con- 
sists in  excavating  an  exceedingly  shallow  trench,  and  laying  the 
mains  loosely  along  the   bottom  of  it,  and   in  suitably  connecting 
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the  ends  of  the  adjacent  tubes.  While  the  Edison  system  is  one 
of  the  most  admirable  that  has  been  devised,  it  is  obvious  that  it 
entails  considerable  expense  on  account  of  the  necessity  of  providing 
each  group  of  mains  with  a  separate  iron  pipe. 

108.  The  Ferranti  Mains,  —  A  description  of  cable  systems 
would  not  be  complete  without  reference  to  the  method  success- 
fully put  into  practice  in  London  by  Mr.  Farranti,  involving  trans- 
mission of  alternating  currents  at  a  potential  of  10,000  volts. 
Present  practice  would  but  rarely  justify  such  pressures,  but  the 
time  may  not  be  far  distant  when  this  amount  will  be  frequently 
exceeded.  The  Ferranti  mains  consist  of  two  concentric  copper 
tubes,  A  and  E,  Fig.  169,  separated  by  half  an  inch  of  paper,  C, 
saturated  with  black  mineral  wax,  and  protected  from  injury  by  a 
solid  iron  sheath,  D.     About  thirty  miles  of  these  conductors  have 


Fl^  tee.    Edltoi  DUtrllutlKe-Box. 

been  made,  and  are  working  from  the  Deptford  Station  in  London. 
The  greater  proportion  of  these  conductors  are  designed  to  carry 
250  amperes,  and  consist  of  an  inner  tube  ^^"  in  diameter,  giv- 
ing a  cross-section  of  one-fourth  of  a  square  inch.  This  is  separated 
from  the  outer  tube  by  the  requisite  paper  insulation,  while  in  turn 
the  outer  tube  is  similarly  separated  from  the  iron  sheath.  A  lon- 
gitudinal and  cross-section  of  the  main  is  indicated  in  Fig.  170. 

The  chief  point  of  interest  lies  in  the  construction  of  the  joints 
in  order  that  both  the  requisite  insulation  and  conductivity  should  be 
secured.  For  convenience  in  handling,  the  mains  are  made  in  20-ft. 
lengths;  and  the  ends  of  each  piece  are  turned  to  form  long  conical 
male  and  female  sockets,  as  exhibited  at  A  in  the  illustration.  When 
the  mains  are  laid,  the  successive  lengths  are  forced  into  accurate 
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contact  by  a  hydraulic  jack.  The  inner  conductors  are  joined  by  a 
copper  plug  a,  while  the  outer  ones  are  connected  by  a  copper  slec%-e 
G,  that  is  secured  by  corrugating  the  sleeve  onto  the  mains. 

100.  Telegraph  Cables.  —  For  underground  telegraph  work,  the 
cable  is  usually  made  by  twisting  together  a  sufficient  number  of 
carefully  insulated  wires  to  form  the  desired  number  of  circuits. 
The  wire  chosen  for  the  purpose  is  usually  some  one  of  the  better 
forms  of  rubber-covered  wire,  to  attain  the  requisite  insulation.  By 
means  of  twisting-machines,  the  conductors  are  laid  up  into  a  flex- 


ible  rope,  which  is  afterwards  covered  with  one  or  more  layers  of 
heavy  braid,  treated  with  an  insulating  compound,  in  order  to  retain 
the  circuits  in  their  appropriate  positions.  Cables  of  this  description 
may  be  made  of  any  desired  size,  and  supplied  with  circuits  of  either 
large  or  small  wire,  at  the  pleasure  of  the  designer.  For  an  addi- 
tional mechanical  protection,  they  may  be  subsequently  supplied  with 
either  a  lead  sheath  or  an  armor  of  iron  or  steel  wire.  This,  how- 
ever, is  rarely  necessary,  excepting  where  specially  severe  service  is 
to  be  expected. 

aoo.  SnbagueotiB  Cables.  —  Cases  frequently  arise  where  it  is 
necessary  to  cross,  with  an  electrical  circuit,  a  stream  or  other  body 
of  water.  Under  these  circumstances,  a  cable  specially  prepared 
is  necessary,  to  resist  the  greater  severity  of  the  ser\'ice.  The  cir- 
cuits may  be  arranged  as  already  described  for  ordinary  telegraph 


,y  Google 


THE    CONSTRUCTIOlf  OF  UNDERGROUND    CIRCUITS.        235 

cables,  due  care  being  observed  to  proportion  the  copper  cross-sec- 
tion for  the  work  which  the  cable  is  called  upon  to  perform.  After 
the  circuits  are  laid  up,  it  is  necessary  to  afford  the  cable  a  much 
greater  protection  than  is  essential  for  ordinary  underground  lines. 
To  this  end  subaqueous  cables  are  frequently  supplied  with  two  or 
more  sheaths,  in  order  to  make  them  absolutely  waterproof,  and  then 
are  supplied  with  an  additional  armor  of  iron  or  steel  wire,  which  is 


ftf.  171.    Submarlnt  Ttltarwii  CaUc 

braided  over  the  surface  of  the  sheaths.  For  submarine  telegraph 
wcirk,  the  lead  sheith;  often  are  omitted,  as  sufficient  insulation 
■^^ii  be  obtained  by  covering  the  wire  with  a  number  of  layers  of 
wsulating  compound.  The  steel  armor,  however,  is  an  absolute 
necessity,  in  order  to  protect  the  cable  from  injury  during  the 
period  of  laying,  and  to  protect  it  from  such  destructive  influences 
^s  chafing  against  rocks  and  other  obstructions  which  may  be  found 
in  the  bed  prepared  for  it,  and  to  enable  it  to  resist  all  injury  which 
may  be  caused  by  the  keels  or  anchors  of  passing  vessels.     In  espe- 
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cially  shallow  water,  extra  precautions  must  be  taken,  as  here  the 
cable  is  much  more  liable  to  injury.  Examples  of  submarine  tele- 
graph cable  construction  are  exemplified  in  Fig.  171. 

201.  Power  Cirouits.  —  Cables  for  power  circuits  may  be  manu- 
factured of  any  desired  capacity,  and  especially  designed  and  adapted 
for  particular  cases  of  transmission.  For  copper  cross-sections  which 
are  less  than  100,000  circular  mils,  it  is  customary  to  use  a  solid 
conductor,  which  is  overlaid  with  several  layers  of  insulating  material 
For  sizes  larger  than  this,  the  stranded  conductor  becomes  impera- 


tive, as  the  solid  rod  is  too  stiff  to  permit  of  the  necessary  mecBani- 
cal  manipulations  that  are  required  for  installation.  The  general 
appearance  of  such  cables  is  indicated  in  Fig.  172.  The  practice  of 
drawing  a  lead  sheath  over  cables  of  all  descriptions  is  rapidly  in- 
creasing; as  it  is  found  that  the  continuous  film  of  lead  affords  an 
almost  perfect  protection  to.  the  cable,  and  guarantees  to  the  insulat- 
ing material  a  much  longer  life  than  can  be  obtained  in  any  other 
way. 

Experience  has  also  shown  that  paper  thoroughly  impregnated 
with  insulating  compound,  such  as  the  various  tars  or  resins,  forms 
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one  of  the  best  insulating  materials,  provided  paper  can  be  kept 
reasonably  dry,  as  is  insured  by  the  use  of  the  lead  sheath.  A  very 
large  class  of  distributing  cables  are  now  made  with  paper  insulation, 
which  give  the  highest  satisfaction  in  actual  service.  Some  of  the 
varieties  of  paper  insulated  cables  are  shown  in  Fig.  173. 

203.  The  possible  variety  in  design  that  could  be  attained  for 
transnnission  cables  is  without  limit.  In  Fig.  174,  from  Nos.  1  to 
22,  a  variety  of  cable  cross-sections  are  shown  which  experience 
has  indicated  to  be  serviceable  in  various  forms  of  transmission, 
and  which  may  be  obtained  in  the  market  without  the  necessity  for 

special  manufacture. 

Xo.  1,  No.  3,  and  No.  15  are  "i^  111]  %% 

examples  of  feeder  cable  intended       >y  ■■  *  • 

for    three-wire    distributing    sys-      ^r** 

terns,       Nos.    1    and    3    contain      "'_;_ 

stranded  conductors.  .Jjfll 

In  No.   1    each  con  ^S 


Ftt-lta.    nipir  Cabin. 

ductor  is  surrounded  by  an  independent  lead  sheath,  while  in 
No.  3  the  lead  sheath  embraces  all  three  of  the  mains.  Nos.  1 
and  3  may  be  commonly  obtained,  having  from  20,000  to  250,000 
circular  mils.  No.  15  contains  no  lead  sheath,  and  solid  con- 
ductors are  used,  as  the  cable  is  rarely  called  for  excepting  in  small 
sizes.  Nos.  2,  4,  6,  7,  and  21  are  examples  of  conductors  with 
leid  sheaths  and  exterior  and  interior  insulation.  They  are  stranded 
hr  the  sake  of  greater  flexibility,  and  may  be  obtained  in  all  the 
commercial  wire  sizes.  The  finer  strands,  as  in  No.  2,  No.  6,  and 
No.  7,  are  much  more  flexible  than  the  coarse  wire  of  No.  4. 
No.  5  is  an   unarmored,   unsheathed  submarine  cable  designed  for 
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transmission  on  the  three-wire  system.  The  two  lai^e  conductors 
are  intended  for  the  outside  nuuns,  copper  cross-section,  450,000  mils,, 
while  the  smaller,  one  fills  the  ofiEice  of  the  third  wire.  The  three 
small  conductors  are  intended  to  serve  as  pilot-wires.  Nos.  8,  9, 
and  11  are  feeder  cables,  dedgned  for  midei^;romid  power  distri- 
bution, and  may  be  obtained  up  to  1,000,000  circular  mils.  No.  18 
is  also  a  feeder  cable,  with  an  extra  protection  of  the  lead  sheath. 
Nos.  20  and  22  are  feeder  cables  with  hght  insulation,  but  are  only 
intended  for  interior  work  in  dry  locations,  and  not  for  underground 
service.  Copper  section  up  to  1,000,000  circular  mils.  Nos.  13  and 
19  are  examples  of  solid  lead-covered  and  plain  insulated  undei^und 
cable,  suitable  for  arc-Ught  service.  Nos.  12  and  15  are  similar 
triple-conductor  cables  of  solid  conductors.  No.  16  is  a  triple-con- 
ductor concentric  cable,  with  lead  sheath,  especially  adapted  to  tri- 
phase  transmission  or  other  high-potential  work. 

203.  Increasing  experience  in  the  manufacture  and  operation 
of  underground  cables  carrying  alternating  currents  at  comparatively 
high  potentials  tends  to  confirm  the  beUef  that  lead-covered  cables 
insulated  with  paper  saturated  with  some  oily  or  resinous  compound 
are  at  once  the  best  and  cheapest  design.  It  was  formerly  considered 
that  paper  insulation  should  be  limited  to  low  voltages  and  rubber 
compounds  used  for  high  tension,  but  it  is  beginning  to  be  believed 
that  under  loi^-continued  severe  electric  stresses  india-rubber  deteri- 
orates, either  by  a  kind  of  electrolytic  action  or  by  the  purely  physical 
stress  to  which  the  electric  tension  subjects  it,  while  treated  paper 
seems  to  be  exempt  from  such  action.  There  are  now  a  number  of 
large  distribution  systems  operating  cables  at  from  6,000  to  12,000  volts, 
a  few  working  from  15,000  to  20,000,  and  one  at  25,000  vol.s.  While 
there  is  as  yet  insufficient  experience  upon  which  to  base  an  exact  rule 
for  the  thickness  of  insulation  required,  there  are  many  successful  plants 
the  insulation  of  whose  cables  is  about  V32  (>f  ^  inch  for  every  1000 
volts  of  pressure.  Possibly  future  experience  may  show  that  this 
thickness  can  be  decreased,  but  present  success  makes  the  cautious 
reluctant  to  incur  the  risk  that  any  reduction  might  entalL 

The  safe  carrying  capacity  of  underground  cables  is  another 
point  upon  which  there  is  a  paucity  of  information.  Doubtless  carry- 
ing capacity  depends  much  upon  environment.  Thus  in  electric- 
railway  work,  where  a  number  of  cables  are  installed  in  adjacent 
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ducts  the  heat  developed  by  the  VR  losses  will  increase  with  the 
number  of  cables,  and  as  the  number  of  cables  increases  there  will 
be  both  more  heat  and  less  opportunity  for  radiation  and  conduction 
through  the  ground.  In  such  cases  the  safe  carrying  capacity  will 
be  much  lower  than  for  a  cable  placed  in  a  single  duct  uninfluenced 
by  companion  lines.  Conversely,  a  submarine  cable  laid  on  the  bed 
of  a  running  stream  would  have  a  very  large  carrying  capacity,  as  the 
cooling  action  of  the  water  would  preserve  the  insulation  in  safety, 
even  if  great  volumes  of  current  were  forced  through  the  cable.  There 
appears  to  be  a  general  opinion  that  about  1000  circular  mils  should 
be  allowed  for  every  ampere  transmitted.     In  some  cases  this  amount 


A  B 
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can  be  safely  exceeded,  but  from  present  experience  it  b  a  safe  and 
conservative  rule. 

Fig,  175  represents  some  modem  designs.  At  A  an  English  triphase 
cable  is  shown.  The  three  conductors  are  flattened  to  afford  maximum 
insulation  in  a  minimum  of  space,  and  the  whole  volume  of  the  sheath 
filled  with  insulation.  At  B  is-  an  American  cable  designed  for  10,000 
to  12,000  volts.  Each  of  the  conductors  is  500,000  CM.,  covered 
with  '^/aa  in.  of  insulation.  The  conductors  are  then  cabled  and  sur- 
rounded with  'V32  in.  more  of  insulation  and  enclosed  in  a  lead  sheath 
J  in.  thick. 

304.  Telephone  Cables.  — For  telephone  service  cables  are  required 
which  possess  slightly  different  characteristics  from  those  which  would 
meet  the  speciflcations  for  telegraphic  or  for  power  distribuUon.    In 
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the  telephone  service  it  is  found  essential  to  reduce  the  electrostatic 
capadty  to  the  l.nv.st  possible  figure,  in  order  to  produce  a  conductor 
which  shall  have  tne  requisite  talking  ability,  and  al:o  to  so  arrange  ' 
the  conductors  as  to  neutralize  all  the  effects  of  either  self-induction 
between  the  talking  circuits,  or  induction  produced  by  the  ptesence 
of  neighboring  currents.  To  successfully  accomplish  these  requisites 
many  eitperiments  have  been  tried,  producing  a  variety  of  cables  that 
have  been  more  or  less  successful. 

206.  The  BritiBh  Post-OfBoo  Cable.  — A  cable  largely  in  use  by 
the  English  postal  service  is  composed  of  tinned  copper  conductors, 
each  of  three  strands,  aggregating  a  weight  of  about  20  lbs.  per  mile, 
with  a  resistance  of  45  ohms  per  mile.  Each  conductor  is  covered 
with  two  coatings  of  india-rubber,  and  then  taped  with  thin  india- 
rubber-coated  cotton,  and  finally  with  ozokerite.  The  conductors 
aie  then  twisted  together  in  pairs,  and  laid  up  in  cables  of  the  required 
number,  served  with  jute,  and  wrapped  with  stout  asphalted  tape. 
After  the  core  is  thus  completed  it  receives  an  additional  coating  of 
hemp  and  another  layer  of  asphalted  tape. 

aoe.  The  Patterson  Cables- — The  Patterson  cables,  made  by  the 
Western  Electric  Company,  are  composed  of  a  number  of  copper 
conductors,  usually  of  No,  18  or  19  gauge,  which  are  insulated  from 
each  other  by  being  loosely  wrapped  with  a  spiral  layer  of  paper,  and 
are  then  protected  by  means  of  a  lead  sheath.  In  the  earlier  cables 
it  was  thought  necessary  to  secure  the  insulation  by  forcing  liquefied 
paraffine  into  the  cable,  the  paraffine  being  aerated  with  carbonic 
acid  gas.  By  this  means  a  very  high  insulation  resistance  was 
obtained,  with  a  notable  reduction  in  electrostatic  capacity  compared 
with  the  rubber  cable.  All  cables  of  this  description  are  made  in 
twisted  pairs ;  the  respective  conductors,  after  being  insulated,  and 
before  being  laid  up  in  the  core,  are  twisted  together  to  give  a  lay 
of  one  turn  in  some  5"  to  7".  The  entire  core  is  then  formed  by 
laying  up  successive  pairs  of  twisted  conductors  in  a  similar  spiral 
manner.  While  the  use  of  the  aerated  paraffine  was  found  to  be  a 
marked  improvement,  so  far  as  the  electrostatic  capacity  was  con- 
cerned, over  the  former  methods,  the  cable  was  yet  found  to  present 
an  objectionable  amount.  To  still  further  reduce  this  feature,  re- 
course was  had  to  the  dry-core  cable,  which  simply  consists  in  paper- 
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covered  copper  conductors  laid  up  and  covered  with  a  lead  sheath, 
with  no  other  form  of  insulation.  By  this  means  a  cable  is  obtained 
in  which  the  dielectric  consists  largely  of  air.  Cables  of  this  descrip- 
tion are  made  as  low  as  .04  microfarad  per  mile.  The  objection  to 
this  style  of  cable  lies  in  its  liability  to  injury,  in  case  the  lead  sheath 
is  ruptured,  and  the  cable  subjected  to  moisture.  When  the  cables 
are  manufactured,  it  is  customary  to  seal  each  end  of  the  cable  by 
the  introduction  of  parafline  or  similar  insulation,  for  a  space  of  a 
few  feet,  in  order  to  prevent  the  incursion  of  moisture  when  the 
cable  shall  be  spliced.  So  long  as  the  lead  cover  remains  intact,  no 
difficulty  is  experienced ;  but  a  rupture  of  the  lead  is  sufficient  to 
admit  moisture  to  the  paper  core,  when  by  the  capillary  attraction  of 
the  paper,  the  moisture  is  liable  to  become  distributed  throughout 
the  entire  length  of  the  cable,  thus  utterly  ruining  it. 

a07.  The  W.  T.  Glover  Cables.  —  The  earlier  cables  manufac- 
tured by  this  firm  were  designed  for  grounded  circuits,  and  were 
constructed  in  a  manner  to  lessen  and  avoid  cross-talk,  and  termed 
"Anti-Induction  Cables."  The  cable  was  formed  of  the  requisite 
number  of  insulated  wires,  usually  of  No.  18  gauge.  The  wire  was 
of  tinned  copper,  insulated  with  several  thicknesses  of  pure  rubber 
strip,  and  served  with  prepared  tape.  A  number  of  the  wires  in  the 
cables  were  then  coated  with  a  continuous  layer  of  tin-foil,  and  placed 
in  definite  positions  in  the  cable,  with  regard  to  the  remainder  of  the 
conductors.  Inasmuch  as  the  location  of  the  wires  covered  with  lead 
foil  was  accurately  known,  they  served  as  a  means  of  locating  the 
positions  of  the  other  circuits.  The  arrangement  of  the  wires  in 
the  cables  also  was  such  that  the  lead  foils  were  all  in  electrical 
contact.  The  core  thus  formed  was  further  protected  by  means  of  a 
lead  sheath  arranged  to  come  in  contact  with  the  previously  sheathed 
conductors.  As  a  result,  all  of  the  sheaths  were  grounded  by  being 
connected  to  the  exterior  coating,  This  arrangement  of  sheathing 
was  designed  to  intercept  induced  currents,  and  protect  the  cable 
from  cross-talk  and  the  other  effects  of  induction.  To  design  a 
cable  for  metallic  circuits,  a  new  form  was  arranged  that  has  been 
termed  the  "  Magpie  Cable."  This  consists  of  a  number  of  wires 
arranged  in  double  pairs.  The  wires  are  insulated  in  the  manner 
already  described.     The  arrangement  of  the  conductors  is  such  that 
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the  wires  are  laid  up  in  strands  of  four,  one  of  each  pair  in  each 
strand  being  covered  with  white  tape  and  the  other  pair  with  black, 
thus  serving  as  a  means  of  distinguishment,  in  order  that  the  ap- 
propriate conductors  may  be  readily  picked  out  and  assigned  in 
arranging  the  circuits.  While  these  cables  have  found  a  wide 
introduction,  the  lead  sheath  and  tin-foil  wrapping  cause  them  to 
have  a  very  high  electrostatic  capacity,  something  like  .27  of  a 
microfarad  per  mile. 

20e.  The  Fowler-Waring  Cable.  —  Two  different  forms  of 
cable  are  manufactured  under  this  trade  name. 

The  first  class,  the  Waring  cable,  is  arranged  by  twisting  to- 
gether a  sufficient  number  of  copper  conductors  and  incasing  them 
in  a  leaden  sheath.  When  this  is  accomplished,  the  whole  cable  is 
forced  full  of  heavy  petroleum  oil,  something  in  the  fashion  of  the 
Brooks  system.  It  is  claimed  for  this  cable  that  it  has  the  ability 
to  resist  very  high  temperatures  without  serious  injury  to  the  insula- 
tion. Experiments  have  been  made  which  show  that  individual  con- 
ductors may  be  heated  nearly  red-hot,  or  the  exterior  of  the  cable 
heated  to  the  fusing-point  of  the  leaden  sheath,  without  serious 
injury. 

The  second  class  of  cables,  known  as  the  Dry  Core,  is  made  by 
wrapping  the  conductors  with  a  specially  prepared  vegetable  fiber, 
arranged  to  be  non-hydroscopic.  The  wires  are  then  twbted  t<^ether 
and  lead-rovered.  This  arrangement  attains  practically  the  same  re- 
sult as  is  secured  by  the  paper  cables,  with  the  supposed  advantage 
that  the  prepared  fiber  does  not  render  the  cable  so  likely  to  absorb 
moisture.  The  Waring  cable  has  an  electrostatic  capacity  of  about 
.16  of  a  microfarad,  and  the  Dry  Core  about  .07  of  a  microfarad  per 
mile. 

200.  The  Feltfln-OuiUesmne  Cables.  — The  cables  manufac- 
tured by  this  firm  are  similar,  so  far  as  their  styles  of  rubber  insula- 
tion aae  concerned,  to  those  of  other  manufacturers;  but  they  offer 
a  very  ingenious  and  exceedingly  valuable  form  of  paper  cable.  The 
design  of  these  cables  is  shown  in  the  accompanying  iUustrationSj 
Figs.  176  and  177,  giving  a  cross-section  and  the  method  of  making 
a  single  "  twisted  pair. "  The  conductors  are  arranged  either  in 
pairs  oi  in  fours,  and  are  separated  by  a  single  strip  or  two  strips 
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of  paper.     From"  tte   illustration,  it  will  be   observed   that   each  pair 
is  made  by  laying  between  the  copper  conductors  a  strip  of  paper, 


Fig.  178.    BteUaet  Bf  FHUn-eM 


which  is  then  twisted,  and  subsequently  surrounded  with  an  addi- 
tional layer  of  paper.    Each  pair  of  conductors,  or  each  set  of  four, 


FIf.  177.     A  TmltUd  Pair. 

is  thus  inclosed  in  a  little  paper  tube  separated  transversely  by  one 
or  two  diaphragms  of  paper.  After  the  completion  of  the  core,  the 
whole  cable  is  incased  in  a  leaden  sheath,  and  then  may  be  further 
protected  by  an  additional  layer  of  tape  or  of  iron  armor.  The  paper 
for  these  cables  is  either  ordinary  dried  paper,  or  it  may  be  impreg- 
nated with  an  oil  or  resin  to  prevent  the  incursion  of  moisture  It 
is  asserted  that  specimens  of  these  cables  have  been  shown  with  a 
capacity  as  low  as  .05  microfarad  per  mile.  The,  same  firm  also 
manufactures  at  present  the  most  successful  telephone  cables  for 
submarine  work.  The  same  system  is  used,  but  the  construction 
for  marine  work  is  necessarily  somewhat  different. 

A  marine  cable  containing  four  conductors  is  shown  in  Fig.  I'S. 
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The  four  conductors,  with  their  cross-shaped  paper  diaphragm,  are 
seen  at  the  center  of  the  cross-section.  The  group  is  then  wrapped 
with  paper,  as  previously  indicated.  This  is  then  sheathed  in  a  lead 
tube,  which  is  afterwards  supplied  with  an  additional  insulation  in 
the  shape  of  a  double  coating  of  gutta-percha.  The  armor  of  the 
cable,   instead  of  being  ordinary  iron  wire,  is  formed  of  galvanized 


nt.  ns.     Tin  Oillltaamt  Submarlitt  TiltpluuH  OMt. 

wires  so  arranged  that  they  lock  into  each  other,  forming  an  envel- 
ope that  is  exceedingly  firm  and  incompressible,  and  which  effectu- 
ally protects  the  paper  of  the  cable  core  from  becoming  compressed, 
and  the  conductor  short-circuited. 

210.  The  Hemnatin  Beaded  Cable. —  One  of  the  early  attempts 
looking  toward  the  reduction  of  electrostatic  capacity  for  telephone 
cables  was  an  invention  by  Herrmann,  who  conceived  the  idea  of 
incasing  the  several  conductors  of  cables  in  a  series  of  wooden  beads, 
and  then  sliding  them  inside  of  the  common  leaden  sheath.  This 
construction  is  indicated  in  Fig.  179. 

While  this  invention  did  secure  a  considerable  reduction  in  the 
capacity  over  ordinary  rubber  insulators,  it  is  more  expensive,  and 
has  a  still  greater  capacity  than  the  present  form  of  paper  cables. 

211.  Gable  Joints  and  Splices.  —  The  operation  of  joining 
underground  conductors  having  a  solid  core  consisting  of  a  single 
strand,  or  splicing  multi-circuit  cables,  is  one  which  requires  the 
exercise  of  extreme  care  and  the  employment  of  the  very  best  skill 
and  workmanship,  in  order  to  make  splices  which  shall  be  durable 
and  lasting,  and  which  shall  continuously  preserve  the  conductors 
from  the  incursion  of  moisture. 
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212.  Case  1.  Single-Conductor  CabUs. — For  splices  or  branches 
in  single-conductor  cables,  the  work  should  be  performed  as  in  Fig. 
180,  Nos.  1  to  14  inclusive.  In  order  to  splice  a  single  stranded 
cable,  the  insulation  should  be  carefully  laid  bare  for  a  length  of  from 
3"  to  18",  depending  upon  the  size  of  the  cable  core.  At  either 
<-i:]  the  insulation  should  be  carefully  tapered  away  to  form  a  long 


cone.  The  strands  of  the  cable  should  next  be  tightly  twisted 
together  and  dipped  in  solder,  to  secure  the  ends  of  individual  wires. 
The  ends  may  then  be  beveled,  as  indicated  in  No.  6,  with  a  long 
scarf,  which  should  then  be  thoroughly  and  carefully  soldered  to- 
gether, under  no  circumstances  using  any  acid  as  a  solder  dux. 
When  the  scprf  is  thoroughly  soldered,  it  should  then  be  wrapped 
with  a  continuous  tight  serving  of  copper  wire,  as  indicated  in  No,  2. 
The  joint  is  then  completed,  as  shown  in  Nos.  3,  4,  and  5,  by  wrap- 
ping layer  after  layer  of  okonite  tape  around  the  joint,  until  a  smooth, 
conical  splice  is  obtained,  as  indicated  in  No.  5. 

Solid  conductors  may  be  spliced  in  a  similar  manner,  as  indicated 
in  Nos.  6,  7,  and  8-  A  branch  in  a  cable  may  be  taken  off  in  a 
manner  similar  to  that  indicated  for  splicing,  excepting  in  so  far  as 
the  description  of  that  process  refers  to  the  actual  joining  of  the  con- 
ductors in  the  cable.  The  process  for  taking  off  a  branch  is  indicated 
in  Nos.  11  to  14  inclusive.  Here  the  insulation  of  the  cable  is  laid 
bare  for  a  couple  of  inches^the  insulation  being  carefully  tapered  away 
on  each  side.  The  branch  is  theh  firmly  lashed  to  the  cable  by  means 
of  a  serving  of  copper  wire,  as  indicated  in  No.  11 ,  the  whole  being 


,y  Google 


THE    CONSTRUCTIOtf  OF  USDERGROUlfD   CIRCUITS. 


247 


securely  and  firmly  soldered  to  the  cable  core.  The  insulation  is  then 
replaced  in  a  manner  similar  to  that  for  making  splices,  excepting 
that    the   layers  of  tape  must  be  served  over  the  branch  as  well  as 


^•^'^^^^^^^^^ 


over  the  core  of  the  cable  itself,  the  final  completed  joint  being  fini^ed 
as  shown  in  No.  14. 

813.  Case  2.  Mnlti-Condiutar  Cables. — For  all  of  the  special 
fonns  of  cables,  such  as  those  made  by  the  Siemens  Bros,  and  the 
Edison  Company,  special  methods  of  splicing  are  used,  which 
have  been  indicated  in  the  accounts  of  the  respective  styles  of  cables. 
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For  multi-conductor  cables  of  rubber  insulation,  a  length  of  the 
cable  from  8"  to  2  ft.  in  length,  depending  upon  the  number  of  cir- 
cuits, must  be  laid  bare  of  insulation.  The  separate  circuits  must 
then  be  carefully  untwisted  from  each  other,  each  circuit  being 
properly  tagged  to  preserve  its  identity.  The  insulation  must 
then  be  removed  from  each  of  the  individual  wires.  The  splice  is 
effected  by  twisting  together  and  soldering  each  conductor  to  the 
conductor  to  which  it  is  assigned  in  the  new  piece  of  cable.  Insula- 
tion, usually  consisting  of  okonjte  tape,  or  some  equivalent  fubber 
compound,  is  then  replaced  upon  each  of  the  individual  circuits,  the 
circuit  replaced  in  as  compact  a  form  as  possible,  and  the  whole 
splice  completed  by  three  or  four  layers  of  okonite  tape  serving  the 
entire  cable  and  binding  the  circuits  into  position.  With  special 
skill,  splices  may  thus  be  made  in  okonite  cable,  which  can  hardly 
be  detected  from  the  regular  cable. 

Lead-covered  cables  with  paper  compound  cores  may  be  spliced 
by  cutting  away  the  lead  sheath,  exposing  the  conductors,  and  spli- 
cing them,  as  has  already  been  indicated.  As  soon  as  the  splice  is 
completed,  a  piece  of  lead  pipe  of  sufficient  size,  previously  slipped 
over  the  cable,  may  be  soldered  to  the  lead  sheath  on  either  side  of 
the  splice,  making  an  absolutely  water-tight  joint. 

For  dry-core  paper  cables,  an  additional  process  is  necessarj'  to 
seal  either  end  of  the  cable  to  prevent  the  entrance  of  moisture 
while  the  splice  is  being  made.  To  this  end,  as  soon  as  the  cable  Is 
opened,  it  is  thoroughly  heated  and  dried  by  immersing  it  in  a  bath 
of  boiling  paraffine  oil,  and  then  hot  paraffine  is  poured  into  the 
cable  to  entirely  fill  it  up,  and  seal  it  for  the  space  of  some  2  or 
3  ft.  This  is  done  on  each  end  of  the  pieces  to  be  spliced ;  and 
then  the  conductors  are  connected,  and  are  insulated  by  being  cov- 
ered with  paper  tubes,  the  whole  core  bound  together  with  tape, 
and  a  lead  sleeve  soldered  over  the  joint.  With  careful  workman- 
ship, splices  of  this  kind  can  be  made  without  injuring  the  cable  in 
any  respect,  and  without  increasing  its  diameter  at  the  splice  more 
than  fifty  per  cent  over  that  of  the  original  cable. 

S14.  The  Connection  of  Underground  and  Aerial  Syatema 

The  connection  of  underground  and  aerial  systems  is  a  problem  of 
great  practical  importance.  It  is  customary  to  construct  at  the  junc- 
tion between  the  pole-line  and  the  conduit  system,  a  vault  or  man- 
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hole  of  the  requisite  dimensions,  directly  at  the  base  of  the  anchor 

pole  forming  the  end 
of  the  pole-line.  From 
this  vauh,  iron  pipes 
of  sufficient  diameter 
to  permit  easy  intro- 
duction of  the  neces- 
sary cables  are  run  up 
alongside  of  the  poles 
to  such  a  distance 
above  the  street  as  to 
secure  the  cable  from 
malicious  injury.  The 
pipes  extend  through 
the  earth,  and  are  built 
through  the  wall  of  the 
vault,  with  a  cur^■e  of 
some  5  or  t)  ft.  radius, 
to  permit  of  the  easy 
introduction  of  the  ca- 
ble. The  necessary 
cables  are  then  passed 
through  the  iron  pipes, 
up  the  side  of  the  pole, 
and  are  terminated  in 
cable  heads,  usually 
placed  upon  a  balcony 
or  platform,  set  di- 
rectly under  the  lowest 
cro.ss-arm,  h'ig.  181. 

The  cable  head  is 
a  rectangular  cast-iron 
box,  represented  in 
Fig.  182,  about  \"  in 
thickness,  some  8"  or 
ft,.  .«,   c«6<.  r„»/™/  M.  »"  i"  «''dth,  and  \-ary- 

ing  from   18"  to  4  ft. 
in  length,   in  order  to  a'.vumodate  from  twenty-five  to  one   hun- 
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dred  pairs  of  wires.  The  lower  extremity  of  the  box  terminates  ' 
a  brass  tube,  which,  being  threaded  into  the  casting,  forms  a  w.' 
tight  joint.  The  sleeve  of  the  cable  is  " 
soldered  to  the  brass  thimble,  thus  com- 
pleting the  connection  between  the  box 
and  cable.  The  office  of  the  cable-box 
is  to  afford  a  water-tight  compartment 
having  a  sufficient  number  of  binding- 
posts  to  correspond  to  the  number  of 
wires  in  the  cable.  Upon  the  comple- 
tion of  the  soldering  of  the  cable  sheath 
to  the  brass  thimble  at  the  base  of  the 
box,  the  wires  composing  the  cable  are 
untwisted  inside  of  the  cable-box,  and 
each  one  soldered  to  the  interior  termi- 
nal of  the  binding-post.     By  this  means 

the  wires  from  the  cables  are  extended  ^ 

through  the  cable-box  to  the  exterior,  in  | 

such  a  manner  as  to  make  a  waterproof  | 

connection,  and  to  afford  an  easy  and 
rapid  means  of  distribution  to  the  pole- 
line.  The  appropriate  number  of  cable-  ■- 
heads,  corresponding  to  the  number  of 
cables  ending  in  any  pole-line,  are  placed 
in  z.  circular  wooden  compartment  built 
around  the  pole  above  the  top  of  the  bal- 
cony. The  entire  construction  is  indi- 
cated in  Fig.  181,  showing  the  balcony, 
cable-box,  and  cables  to  the  aeria)  line. 
The  sides  of  the  cable-head,  as  repre- 
sented in  Fig.  182,  are  supplied  with 
lightning  arresters,  of  the  pattern  shown 
in  Fig- 132  A.  As  aerial  lines  are  particu- 
larly subject  to  the  incursion  of  strong 
currents,  these  protectors  are  a  neces- 
sity, to  guard  the  cable  wires  from  in- 
jury that  would  be  much  more  serious  than  any  damage  resulting  to 
the  open-wire  conductors. 
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CHAPTER  VIII. 

BPBOIAI.  RAILWAT  OIRCnJITS. 

THE    IKTERURBAN   TRANSUSSION    LINE.      THE  THIRD  KAIL. 
THE  URBAN  CONDUIT. 

Art  216.  At  first  the  electric  railway  was  merely  a  substitution  of 
motive  power  on  a  street  railway.  That  its  projectors  had  the  faintest 
idea  of  the  transportation  systems  which  would  develop  from  the  appli- 
cation of  electricity  is  improbable,  for  one  of  the  most  famous  of  the 
early  railway  men  is  credited  with  enunciating  the  rule:  "As  two 
horses  can  pull  a  car,  put  on  a  three  horse- power  motor  and  you 
can  go  fifty  per  cent,  faster."  The  street-railway  car  of  '90  was  16  ft. 
to  18  ft.  long,  weighed  possibly  3  or  4  tons,  and  contented  itself  with 
a  speed  of  4  to  5  m.  p.  h.  Now  electric  cars  are  equipped  with  motors 
aggregating  400  H.P.,  are  50  ft.  to  60  ft.  long,  weigh  40  to  50  t9ns, 
and  achieve  a  running  speed  of  more  than  a  mile  a  minute.  Originally 
merely  a  street  railway  handling  urban  transportation,  the  electric 
railway  is  now  spreading  a  network  of  lines  over  the  entire  continent, 
so  that  to-day  one  may  travel  from  Portland  (Me.)  to  Chicago  (HI,) 
irith  but  a  few  short  gaps. 

To  handle  the  necessary  quantity  of  force  to  propel  heavy  cars 
at  high  speed  over  long  distances  with  sufficient  economy,  presented 
weighty  problems  to  electrical  and  mechanical  engineers,  the  solution 
of  which  has  resulted  in  the  development  of  three  special  forms  of 
electric  circuits  designed  solely  for  railway  purposes.     These  are: 

1.  The  Interurban  Transmission  L'ne. 

2.  The  Third-rail  System. 

3.  The  Urban  Railway  Conduit. 

aie.  The  Interurban  TraosmiBsion  Line. — By  an  unwritten  law 
based  on  experience  the  electric  railway  is  usually  operated  by  direct- 
current  motors  at  a  potential  of  from  500  to  600  volts,  and  thoi^h 
many  efforts  have  been  made  to  increase  potential,  or  to  subsUtute 
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altemating>cuTreiit  motors,  or  to  devise  other  systems,  none  save  flie 
alternating  motor  seem  likely  of  commercial  adoption.  So  when  electric 
railways  commenced  to  extend  interurbanwise  the  &rst  problem  to  be 
solve4  was  a  system  of  transmission  capable  of  canying  sufficient  energy 
over  great  enough  distances  to  move  heavy  cars  at  high  speed  without 
an  excessive  investment  in  copper  and  without  too  great  a  multiplicity 
of  power  stations.  The  amount  of  enei^  which  can  be  sacrificed 
in  the  conducting  system  will  depend  on  the  relative  prices  of  fuel 
and  labor,  the  nature  of  the  load  which  the  system  bears,  and  the 
price  of  conductor  material;  and  may  for  any  particular  case  be  cal- 
culated according  to  the  principles  developed  in  ChaptersXIVandXV. 
Irrespective  of  any  question  of  cost,  it  is  undesirable  to  operate  motors 
at  a  voltage  other  than  that  for  which  they  are  designed.  A  drop 
of  10  per  cent,  or  50  to  60  volts  is  as  much  as  the  best  practice 
sanctions.  Doubtless  many  instances  can  be  cited  where  a  drop  of 
100  or  even  200  volts  exists  but  such  cases  are  (or  should  be)  cases 
of  "  what  not  to  do."  Therefore  the  design  of  a  railway  transmission 
system  demands  that  the  location  of  the  station  and  size  of  the  line 
shall  be  so  proportioned  as  to  transmit  the  required  current  with  a 
drop  of  something  under  100  volts.  This  condition,  with  the  bur- 
dens electric  roads  now  carry,  restricts  the  working  radius  of  a 
direct-current  station  to  about  8  miles;  it  rarely  falls  below  6  miles, 
and  equally  rarely  rises  above  12  miles.  To  serve  a  lai^  district 
the  plan  most  frequently  adopted  is  to  build  a  power  station  contain- 
ing machinery  for  producing  direct  current  to  feed  the  immediate 
vicinity  at  600  volts,  and  apparatus  giving  alternating  currents  at  a 
relatively  high  potential,  which  may  with  small  loss  be  transmitted 
many  miles  and  then  rectified  for  car  service.  The  so-called  double- 
current  generators  are  now  becoming  common  for  this  purpose.  These 
are  machines  giving  a  triphase  alternating  current  on  one  side  and 
direct  current  on  the  other.  By  means  of  step-up  transformers  the 
pressure  is  raised  to  from  10,000  to  25,000  volts  for  the  transmission 
line.  At  various  points  in  the  territory  roiary  substations  are  placed. 
Here  step-down  transformers  lower  the  line  potential  to  from  300  to 
500  volts  and  deliver  the  current  to  a  rotary,  a  dynamo  whose  office 
is  to  transform  the  alternating  current  into  direct  current  at  about 
550  volts.  The  substations  are  so  placed  that  they  may  feed  a  dis- 
trict of  about  8  miles  radius.     This  plan  has  developed  the    inter- 
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urban  transmission  line  into  a  very  complex  piece  o£    circuit  con- 
struction. 

817-  Tlie  interurban  transmission  line  is  usually  of  the  side-pole 
type,  though  sometimes  built  with  span  wire.    It  must  carry  foul 


fit.  IBS.    Onttii  Dttnlt.   rptllanU,  Am  Arlnr  A  .laBlaQii  Railway. 

entirely  distinct  circuits:  1st.  A  high-potential  alternating-current 
line  supplying  power  for  the  entire  territor}';  2d.  The  direct-cur- 
rent 500-volt  feeds  to  operate  a  particular  section  of  the  railway;  3d. 
The  trolley-wire  to  distribute  energy  to  the  cars  of  this  section;  4th, 
Telephone,  telegraph,  or  other  signal  circuits  used  in  operating  the 
road.     The  methods  cf  building  such  lines  are  best  exhibited  by  some 
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examples  from  actual  practice.  The  frontispiece  is  from  a  photograph 
of  u  large  interurban  road  in  southern  Ohio,  while  Fig.  183  represents  a 
well-known  road  in  Michigan.  The  line  is  usually  built  of  substantial 
poles  from  35  ft.  to  45  ft.  in  height.    About  18  ft.  above  the  ground 
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the  bracket  for  holding  the  trolley-wire  is  placed,  as  will  be  seen  in 
dimension  drawings  of  Figs.  184  and  185.  The  railway  feeds,  and 
telephone  or  other  signal  wires,  are  carried  on  a  cross-arm  placed  near 
Ahe  trolley-bracket,  sometimes  above  and  sometimes  below,  according 
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to  the  fancy  of  the  designer,  or  even  supported  on  brackets  on  the 
side  of  the  pole  as  in  Fig.  184.  The  top  of  the  pole  is  devoted  to  the 
high-tension  lines.  Large  roads  usually  use  two  or  even  three  circuits, 
vbile  the  small  ones  content  themselves  with  one.    Several  designs 


■UXMt  PoncUln  ISO 

Pmnpliln*^ 


f/»,  lae.  p^t  Top. 

are  common,  some  of  which  are  shown  by  dimension  drawings  in  Figs. 
186  and  187.  At  A,  Fig.  187,  is  a  design  for  a  35-ft.  pole  carrying 
single  triphase  drcuit.  One  wire  is  usually  placed  on  the  apex  of 
the  pole,  as  shown  in  detail  in  Fig.  186,  while  the  other  two  phases 
are  supported  on  a  cross-arm  4  ft  6  in.  long,  set  about  2  ft  below 
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the  top  of  the  pole.  B  and  C,  Fig.  187,  are  designs  for  40-ft.  and 
36-ft.  poles  for  two  triphase  circuits.  For  convenience  in  repairir^ 
these  designs  show  two  phases  located  on  a  cross-arm  placed  on  the 
top  of  the  pole.  Whfle  this  plan  has  the  disadvantage  of  making  the 
pole  appear  top-heavy,  it  obviates  the  necessity  for  linemen  to  crawl 
through  the  high-tension  circuits  when  repairs  become  necessary. 
Fig.  184  shows  a  design  for  a  38-ft.  pole  in  which  the  long  cross-arm 
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is  placed  lowest  on  the  pole.    The  apex  of  the  pole  of  this  design  is 
supplied  with  an  insulator  to  carry  a  barb-wire  hghtning-guard. 

When  the  apex  of  the  pole  is  not  occupied  by  one  of  the  circuit 
wires  it  is  quite  common  to  equip  it  with  a  pony  insulator  and  string 
thereon  a  strand  of  barb  fence  wire,  which  operates  as  a  l^htning- 
guard,  and  has  been  proven  by  experience  to  be  one  of  the  best  methods 
of  protection  which  can  be  adopted. 
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Plates  4  and  5  are  illustrations  of  typical  railway  lines  of  recent 
construction.  Plate  4  shows  double  track,  center  pole  and  bracket 
construction  along  the  lines  of  the  Boston  &  Worcester  Railway.  The 
railway  is  set  upon  one  side  of  the  highway,  the  poles  occupying  the 
center  between  the  two  tracks.  Each  pole  carries  a  pipe  bracket, 
from  which  the  trolley  wire  hangs,  immediately  beneath  which  is  a  cross- 
arm,  carrying  the  telephone  or  signal  wires.  The  pole-top  is  equipped 
with  three  cross-arms,  the  lower  one  of  which  carries  the  direct-current 
feeds,  while  the  two  upper  ones  are  intended  for  two  triphase  circuits. 
Plate  5  is  another  photograph  from  the  Boston  &  Worcester  lines, 
exemplifying  a  case  where  it  became  necessary  to  use  bracket  con- 
struction for  double  track  and  yet  place  the  poles  upon  one  side  of  the 
railway.  Here  50-ft.  8-in.-top  poles  are  employed  to  carry  the  high- 
tension  lines  at  a  desirable  height  above  the  roadway.  A  pipe  bracket 
of  sufficient  length  supports  the  trolley  wires,  which  is  reinforced  by 
two  tension-guys,  sustaining  the  end  of  the  bracket  from  the  pole. 
Otherwise  the  arrangement  of  circuits  is  not  different  from  that  of 
Plate  4.  The  neatness,  compactness,  and  symmetry  of  these  examples 
are  in  striking  contrast  to  the  slovenly  work  which  is  often  found  upon 
the  older  direct-current  installations,  for  in  such  lines  poor  engineering, 
a  pennywise  and  pound-foolish  desire  to  economize  copper,  or  bad 
judgment  as  to  the  probable  traffic  demands,  is  often  responsible  for  a 
mess  of  wiring  that  is  a  disgrace  to  electrical  science.  For  eitample, 
Plate  6  is  a  bit  of  line  construction  within  a  very  few  miles  of  New 
York  City,  and  illustrates  forcibly  the  happy-go-lucky  fashion  that  has 
prevailed  in  the  construction  of  some  electric-railway  properties. 

The  entrance  to  the  power  station  or  substation,  as  the  case  may  be, 
deserves  most  careful  planning  in  order  that  the  conductors  may  be 
permanently  and  properly  secured  and  carried  within  the  walls  of 
the  building  so  as  to  become  neither  a  fire  risk  nor  an  architectural 
offense.  Plate  7  is  the  cable  entrance  to  a  power  station  of  the  Union 
Railway  Co.  and  shows  the  kind  of  reA^s  nest  that  inevitably  develops 
when  cable  after  cable  is  strung  in  an  attempt  to  bolster  up  the  circuit 
with  sufficient  copper  to  carry  the  load,  when  no  adequate  first-hand 
design  has  been  provided  to  care  for  the  extension  of  the  system  which 
normal  growth  of  business  demands.  Plate  8,  in  contrast  with  Plate  7, 
shows  the  method  adopted  to  carry  the  circuits  into  one  of  the  substa- 
tions of  the  Boston  &  Worcester  Railway.    The  lines  from  this  substar 
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tion  deliver  over  twice  the  energy  that  circulates  in  the  cables  shown  in 
Plate  7,  and  the  neatness  and  trimness  of  the  installation  are  a  sufficient 
commentary  uf«n  the  desirabihty  of  good  design. 

ai8.  The  Third-BAil  SyBtem. — While  the  overhead  trolley  has 
been  eminently  successful  on  urban  railways,  there  are  signs  that  the 
interurban  road  taxes  it  beyond  its  capacity.  Thus  on  a  car  making 
GO  xu.  p.  h.  the  rotative  speed  of  the  trolley-wheel  is  from  3000  to 


Fig.  IBB.    On  tft*  Olthago,  Elgin  A  Aurara  Hallwag, 

6000  r.  p.  m,,  and  to  provide  a  successful  bearing  for  such  a  wheel  on 
the  top  of  a  long  pole  exposed  to  all  sorts  of  grit  is  a  difficult  mechanical 
problem.  The  area  of  contact  of  the  wheel  and  wire  is  a  very  small 
one  through  which  to  convey  the  heavy  current  demanded  by  large 
swift  cars.  The  most  promising  plan  to  remedy  these  difficulties 
yet  proposed,  and  which  has  already  received  successful  commercial 
appUcations  of  magnitude,  is  that  of  the  third  rail.  This  system  is 
constructed  by  making  every  fifth  or  sixth  tie  of  the  permanent  way 
two  or  three  feet  longer  than  the  others.     An  ordinary  T  rail,  mounted 
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on  insulators,  is  supported  by  these  ties,  and  serves  as  a  conductor. 
Each  car  is  furnished  with  one  or  more  sliding  contacts  usually  flexibly 
suspended  from  the  trucks,  so  adjusted  as  to  bear  upon  the  surface 
of  the  third  rail.  Thus  a  conductor  of  low-priced  material  is  secured, 
which  may  be  made  of  ample  size,  and  as  solidly  and  substantially 
constructed  as  the  designer  may  desire.  Also  it  is  easy  to  make  the 
shoe,  as  shding  contact  is  termed,  of  any  dimensions  and  enable  it  to 
carry  as  much  current  as  the  heaviest  of  trains  can  demand.  The 
general  appearance  of  third  rail  is  shown  in  Fig.  188,  a  view  taken 
upon  the  Chicago,  Elgin  &  Aurora  Railway,  showing  the  running  rails 
in  the  immediate  foreground  with  the  third  rail  upon  its  insulators  at 
the  right  hand. 

aifi.  The  problem  of  insulating  the  third  rail  has  presented  the 
greatest  difficulty.     It  must  be  set  very  close  to  the  track,  and  only 
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a  few  inches  above  the  ground.  The  rail  itself  is  quite  rigid,  but  the 
insulators  rest  on  the  ties,  which  spring  under  the  impact  of  the  car, 
so  a  connection  more  or  less  flexible  must  be  provided  between  rail 
and  tie.  Fig.  189  shows  one  pattern.  An  iron  pedestal  supports- on 
a  pin  a  block  of  insulating  material  in  the  form  of  a  cone.  On  the 
cone  is  an  umbrella  of  iron  with  two  lugs  between  which  the  third  rail 
rests,  by  its  own  weight.  Another  form  is  as  in  Fig.  190,  and  con- 
sists of  a  non-conducting  block  bolted  to  the  tics,  having  a  pair  of 
pivoted  clips  that  embrace  the  rail  flange  and  hold  it  in  place.  For 
the  insulator  itself  a  trade  compound  known  as  Reconstructed  Granite 
has  been  found  valuable.     This  material  b  made  by    pulverizing 
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granite  rock,  compressing  it  hydraulically  in  a  suitable  mould,  and 
baking  after  the  fashion  of  porcelain,  obtaining  an  article  of  any  de- 
sired form,  of  good  insulating  qualities,  and  great  mechanical  strer^th. 
Various  pottery  compounds  are  also  used.     (See  Plates  XIV  ard  XV.) 

Fig.  191  gives  the  mechanical  details  of  the  third-rail  installation 
employed  on  the  Grand  Rapids,  Grand  Haven  &  Muskegon  Railway. 
The  upper  part  of  the  illustration  shows  a  section  and  elevation  of 
the  mounting.  Wherever  a  highway  is  intersected  it  is  necessary 
to  open  the  third  rail  and  allow  cars  to  cross  such  a  portion  of  the  road 
by  momentum,  for  it  is  impracticable  to  place  a  naked  conductor 
charged  with  500  volts  along  a  wagon  road. 

The  lower  portion  of  Fig.  191  indicates  the  method  adopted  at 
such  points.  On  either  side  of  the  wagon  road  a  cattle-guard  is  placed 
and  the  third  rail  stopped  beyond  this  guard;  beneath  the  highway 
a  creosoted  wooden  conduit  is  installed  in  which  a  cable  is  placed  to 
connect  the  ends  of  the  rail  on  either  side,  preserving  electrical  con- 
tinuity. 

220.  The  third  rail  is  an  ideal  method  for  power  to  elevated  rail- 
ways and  so  has  been  adopted  in  Chicago,  New  York,  and  Boston. 


fig.  182.    Sullan  thrwiiM  Tklnl  Itall,  Man, 


Fig.  192  is  a  cross-section  through  the  third  rail  and  one  running  rail 
on  the  Manhattan  Elevated  Railway,  and  Fig.  193  a  side  elevation 
of  the  contact  shoe  in  working  position  on  the  rails.  On  either  side 
of  the  third  rail  in  Fig.  192  a  wooden  string-piece  is  placed.     This 
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is  deigned  to  act  as  a  protector,  to  prevent  workmen  or  others  from 
short-drcuiting  the  rail.  The  contact-shoe  in  Fig.  193  is  suspended 
by  a  pair  of  toggles  from  a  U-shaped  casting  bolted  to  the  bolster  of 
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the  truck,  two  heavy  flexible  copper  cables  providiag  an  electrical  con- 
nection that  is  independent  of  all  joints. 

221.  A  great  objection  to  the  third  rail  is  offered  by  its  upturned 
unprotected  surface,  which  forms  a  convement  lodgment  for  sleet  and 
snow,  that  may  seriously  imemipt  traffic.  Efforts  have  been  made 
to  protect  the  rail,  one  of  which  is  shown  in  Fig.  194,  giving  a  general 
view  of  a  track  equipped  with  protected  third  rail,  while  Fig.  195  is 
a  detail.  The  rail  is  supported  in  the  usual  manner,  but  in  addition, 
at  each  insulator  there  is  a  gooseneck  casting  that  holds  an  inverted 
channel-iron  set  a  few  inches  above  the  top  of  rail.  This  channel 
forms  a  roof,  keeping  the  rails  dry,  and  free  from  ice  and  sleet,  while 
the  space  between  the  channel  and  the  rail  permits  a  properly  shaped 
plow  to  enter  and  run  on  the  rail,  as  shown  in  Fig,  195. 

Plate  9  is  a  photograph  showing  the  construction  of  the  Lacka- 
wana  &  Wyoming  Valley  Railway — one  of  the  best  types  of  the 
modem  electric  interurban,  which  differs  in  no  wise  from  the  best- 
built  steam  railways,  save  in  the  motive  power  employed.  The  Une 
extends  from  Scranton  to  Wilkesbarre,  and  is  double-tracked  with  80-Ib. 
rails  laid  in  a  ballast  of  crushed  stone  that  forms  a  road-bed  that  com- 
pares favorably  with  those  of  either  the  Pennsylvania  or  the  New  Yoik 
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CiMilral,  In  the  center  between  the  running-raik  the  third  rails  are 
placed,  supported  upon  reconstructed  granite  insulators,  set  upon 
every  fifth  tie.  Plate  10  is  a  view  of  a  car  upon  the  Lackawana  & 
Wyoming  Valley  Railway,  showing  the  method  of  attaching  the  current- 
shoe  to  the  bolsters  of  the  truck,  and  indicating  the  relation  between 
the  running-rails  and  the  conductor-rail,  and  the  position  of  the  shoe 
when  ready  to  receive  current, 

Modem  practice  almost  universally  adopts  the  plan  of  setting  the 
third  rail  at  a  short  distance  outside  of  the  running  rails.    To  prevent 
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an  accumulation  of  snow  upon  the  third  rail  and  to  increase  the  insulating 
distance  between  the  top  of  the  tie  and  the  base  of  the  rail,  it  is  desirable 
to  elevate  the  latter  a  few  inches  above  the  road-bed. 

The  demand  for  larger  and  heavier  cars  to  be  operated  at  higher 
speeds  has  necessitated  increasing  the  motor  capacity  with  which  cars 
are  equipped,  and  to  secure  the  necessary  motive  power  has  required 
machines  which  occupied  every  possible  inch  between  the  tops  of  the 
ties  and  the  under  side  of  the  car  body.  This  practice  has  caused 
the  third  rail  to  be  placed  on  the  outside  of  the  running-rails  rather 
than  between  them,  though  some  of  the  earlier  roads  adopted  this 
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location,  for  example  the  Berlin  branch  of  the  N.  Y.,  N.  H.  &  H. 
A  third-rail  road,  constructed  several  years  ago,  adopted  tlie  plan  of 
placing  the  conductor-rail  in  the  center  between  the  running-rails.  Tbe 
conductor-rail  was  formed  of  pieces  of  special  angle-iron  having  a  flat 
top  along  the  apex  of  the  angle..  The  rail-lengths  were  supported 
upon  insulators  set  upon  the  regular  ties,  the  angle  forming  a  roof  to 
protect  the  insulator  from  snow  and  moisture.  This  design  is  shown 
in  Plate  11  and  has  been  very  successful. 

222.  The  Urban  Conduit — ^The  poles  and  wires  of  the  overhead 
trolley  are  too  great  an  obstruction  and  a  disfigurement  to  be  allowed 
in  crowded  thoroughfares,  and  charged  rails  are  impossible,  so  in 
the  center  of  lai^e  cities  the  entire  railway-conducting  system  must 
go  undei^round.  This  necessity  has  developed  the  electric-raitivay 
conduit,  examples  of  which  may  be  seen  in  successful  operation  in 
London,  Paris,  Brussels,  New  York,  Philadelphia,  Washingt<m,  etc. 
In  all  of  these  cities  the  general  plan  is  the  same,  though  the  details 
differ  slightly,  so  an  account  of  one  will  essentially  fit  all. 

The  electric-railway  conduit  is  modeled  after  its  predecessor,  the 
cable  railway.  The  foundation  is  a  bed  of  concrete,  in  which  iron 
yokes  are  set  at  intervals  of  4  ft.  to  5  ft.  The  yokes  carry  on  their 
outer  extremities  the  running  rails  and  in  the  center  a  pair  of  Z  bars 
that  form  a  slot  in  the  street.  Beneath  the  slot  a  long  tube  is  molded 
in  the  concrete,  in  which  two  conductors  are  suspended  from  insu- 
lators set  at  intervals  of  15  ft.  From  the  car  an  iron  rod  hangs  between 
the  slot  rails  and  presses  two  sliding-contacts  against  the  conductors 
in  the  conduit,  so  the  conduit  railway  is  a  complete  metallic  line.  On 
either  side  of  the  conduit  it  is  customary  to  install  a  number  of  ducts 
in  which  both  a  low-  and  high-tension  railway  distributing  system  may 
be  placed  with  room  for  telephone  and  signal  wires. 

223.  In  Fig.  196  sections  are  given  of  the  Washington  conduit,  by 
which  the  general  dimensions  and  arrangement  of  parts  are  so  well 
shown  that  further  description  is  superfluous.  In  Fig.  197  the  Broad- 
way, New  York,  structure  is  given,  which  is  seen  to  be  very  similar 
except  in  the  details  of  the  yoke.  The  first  steps  in  conduit-buildii^ 
consist  in  opening  the  street,  digging  the  requisite  excavation,  intro- 
ducing the  concrete,  and  setting  the  yoke,  as  shown  in  Plate  XI  and 
Fig.  198.  Then  all  the  rails  are  set  and  the  structure  is  ready  for 
concrete,  as  indicated  in  Plate  XII.  The  next  operation  is  to  place  a 
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wooden  mold  around  which  the  concrete  may  be  rammed  to  form 
the  tube  to  bold  the  conductors.    This  mold  is  made  in  sections  to  be 


easily  moved  when  concreting  is  done.  Fig.  199  shows  the  mold  and 
arrangement  of  concrete.  Finally,  when  the  concreting  is  done,  the 
structure  is  ready  for  replacement  of  paving,  as  indicated. 
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The  insulator  problem  is  an  interesting  one.  There  can  be  no 
question  about  adopting  a  porcelain  insulator,  or  at  least  a  material 
which  has  the  same  general  characteristics.  The  first  line  in  New 
York  City  used  a  built-up  insulator,  a  bolt  covered  with  an  insulat- 
ing compound;  it  failed,  and  the  type  of  insulator  successful  at 
Washington  was  atlopted.     In  Brussels  the  insulator  used  is  a  bolt 
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surrounded  by  a  rubber  compound,  and  subjected  to  a  severe  test 
with  spark-coil  before  acceptation.  These  insulators  have  been 
fairly  successful,  but  are  expensive,  and  deteriorate  by  exposure.  The 
iron-clad  porcelain  insulator  is  strong,  durable,  and  cheap.  The 
insulators  should  be  set  vertically,  so  they  may  not  accumulate  dirt. 

Assuming  a  vertical  iron-clad  porcelain  insulator,  the  method  of 
attaching  it  to  the  conduit  becomes  important,  the  depth  of  the  tube 
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being  somewhat  dependent  upon  this.  Insulators  should  be  fastened 
to  the  metallic  structure,  which  has  the  advantage  of  keeping  the  con- 
ductor-bars at  the  same  distance  from  the  wheel-rails.    The  extreme 
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positions  of  the  insulator  are,  first,  with  the  upper  surface   of  the 
insulator  as  near  the  street  surface  as  it  can  be  for  mechanical  protec- 
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tion,  say  2  in.;  second,  with  the  upper  surface  of  the  cast-iron  cover 
bolted  directly  to  the  bottom  flange  of  the  slot-rail.  Fig.  200  gives 
an  example  of  the  first  case  at  A  and  of  the  second  at  B,  both  with 
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the  same  slot-raiL  The  illustrations  show  the  general  method  of 
making  the  insulator  and  cotmecting  to  the  feeder  system  as  often 
as  may  be  desirable. 

Between  the  running  rails  two,  so-called,  slot-rails  are  provided, 
which,  as  is  indicated  in  the  several  illustrations,  are  composed  of 
Z  bars  of  such  shape  and  height  as  to  per.-nit  of  bolting  the  lower 
flange  to  successive  projections  on  the  yokes,  while  the  upper  flange 
forms  a  guard  for  the  slot  at  the  level  of  the  street.  The  Z  bars  pro- 
vide a  wall  against  which  the  paving  material  is  placed,  and  as  the 
bars  are  set  about  five-eighths  of  an  inch  apart  the  space  between 
them  affords  a  slot  through  which  the  plow  suspended  from  the  bottom 
of  the  car  enters  the  conduit  and  bears  against  the  conductors.  The 
chief  points  in  the  design  of  an  electric-railway  conduit  are  the  provision 
for  adequate  drainage  facihties,  and  ready  accessibility  to  the  insulators 
and  conductors  for  repairs.  Wherever  the  sewer  system  of  the  street 
is  below  the  level  of  the  bottom  of  the  conduit,  drainage  may  be  secured 
by  building,  at  intervals  of  from  300  lo  400  ft.,  a  manhole  of  sufficient 
dimensions  to  receive  and  collect  the  water  which  drains  through  the 
slot.  The  bottom  of  this  manhole  is  connected  to  the  sewer  system, 
and  as  fast  as  water  collects  therein  it  flows  away.  This  manhole 
also  affords  convenient  room  in  which  to  splice  the  feeder  cables  which 
are  usually  extended  along  the  line  of  the  railway  in  terra-cotta  ducts  built 
into  a  conduit  upon  one  side  of  the  yokes.  Where  the  sewer  level  is 
above  that  of  a  conduit  a  difficult  problem  is  presented,  the  only  ade- 
quate solution  being  to  construct  a  special  sewer  for  the  purpose  of 
draining  the  railway  conduit.  In  other  respects  such  conduits  must 
possess  great  strength  and  solidity  in  order  that  they  may  be  able  to 
successfully  resist  the  destroying  influences  of  the  heavy  street  traffic 
which  is  constantly  traversing  the  surface  of  the  streets  under  which 
the  conduits  run.  In  addition  to  removing  the  unsightly  overhead  line 
from  the  surface  of  the  streets,  the  conduit  road  possesses  the  advan- 
tage of  operating  upon  a  completely  metallic  circuit.  Therefore  it 
removes  from  the  consideration  of  the  railway  all  questions  of  elec- 
trolysis, or  of  possible  interference  with  other  electrical  circuits,  and 
the  conductor  material  may  be  designed  of  such  size  as  to  secure  such 
a  drop  as  appears  most  economical,  considering  the  cost  of  producing 
electrical  energy,  the  average  load  upon  the  railway  system,  and  cost  of 
conductor  material. 
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CHAPTER    IX. 

ELBCTRICAIi   mSTRITMIINTa. 

Art  224.  No  exposition  of  the  methods  of  distributing  electrical 
energy  would  be  complete  without  such  reference  to  the  various 
electrical  instruments,  and  methods  of  measurement,  as  will  enable 
the  designer  to  accurately  insf)ect  the  condition,  and  determine  the 
performance,  of  electrical  circuits.  The  principal  electrical  instru- 
ments may  be  divided  into  five  classes  :  — 

First.       Instruments  for  the  measurement  of  resistance. 

Second.  Instruments  for  the  measurement  of  the  quantity  of 
electricity. 

Third.     Instruments  for  measuring  electrical  pressure. 

Fourth.    Instruments  for  the  measurement  of  capacity. 

Fifth.  Instruments  for  the  measurement  of  the  energy  delivered 
by  a  circuit. 

INSTRUMENTS    FOR    THE    MEASUREMENT    OF    RESISTANCE. 

226.  The  Wheatstone  Bridge.  —  The  most  widely  known  instru- 
ment for  resistance  determinations  is  the  Wheatstone  Bridge,  the 
theoretical  arrangement  being  shown  in  Fig.  201.  Four  resistances, 
a,  b,  d,  and  x,  are  arranged  in  the  form  of  a  parallelogram,  a  battery 
being  placed  in  series  with  one  diagonal  and  a  galvanometer  in  the 
other.  When  the  four  resistances  forming  the  sides  of  the  bridge 
are  so  adjusted  that  no  current  flows  through  the  galvanometer,  these 
resistances  bear  a  certain  definite  relation  each  to  the  other.  When 
there  is  no  current  between  the  points  A  and  C,  the  galvanometer 
may  be  removed  without  altering  the  current  in  the  arms  of  the 
bridge.  Also,  the  points  A  and  C  may  be  short-circuited  without 
interfering  with  the  balance.  Suppose  the  points  A  and  C  to  be 
separated  ;   then  the  joint  resistance  of  the  four  arms  of  the  bridge 

between  the  points  B  and  E  will  be,  — ; — r 7.     If  now  the 

^  a  +  X  +  b  -^d 
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points    A  and   C   be   joined,  the  resistance  may  be   expressed  as 
-  +  -j  ,    -J  ■    These  two  expressions  are  evidently  equal  to  each 


a-\-b    '    d  +  x ' 

other,  and  may  be  stated  i 


,  the  form  of  an  equation,  - 


-,  (22) 

a-^x  +  b  +  d       a-\-b       d  +  x'  ^     ' 

which,  by  simplification,  may  be  reduced  to  the  form 

*  =  ^.  (23) 

Therefore,  if  three  of  the  quantities  of  this  equation  are  known,  the 
fourth  can  be  easily  determined.  Usually  two  of  the  arms  consist  of 
fixed  known  resistances,  the  third  is  an  adjustable  resistance  formed 
of  a  number  of  coils  whose  value  has  been  previously  determined, 
while  the  fourth  is  the  ^ 

unknown  resistance 
which  it  is  desired  to 
measure.  By  the  sim- 
plest method,  a  and 
b  would  be  of  equal 
value,  in  which  case  x 
would  be  equal  to  d\ 
or,  in  other  words,  the 
resistance  between  A 
and  E,  when  the  equi- 
librium is  obtained, 
gives  the  value  of  the  "*  '"■  "'^™  "'  **""'"-  ""-»" 

resistance  to  be  measured.  It  is  essential  that  some  resistance  should 
be  in  the  arms  a  and  b ;  for  otherwise  the  galvanometer  is  short-cir- 
cuited, and  equilibrium  will  always  be  apparently  produced.  Instead 
of  using  equal  resistances  in  a  and  b,  one  of  the  two  may  be  10,  100, 
or  1000  times  as  great  as  the  other  ;  or,  in  fact,  any  multiple  that  may 
be  desired.  Multiples  of  ten,  however,  are  those  which  are  most  com- 
monly used.  If  b  is  made  ten  times  as  large  as  a,  the  resistance  in 
(^will  be  ten  times  as  large  as  x,  and  thus  every  unit  of  resistance  in  d 
will  represent  one-tenth  of  a  unit  in  x.  By  this  means  it  is  practical  to 
determine  the  value  of  the  unknown  resistance  to  the  tenth  of  a  unit. 
Similarly,  by  making  d  100  or  1000  times  as  large  as  a,  the  value  of 
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X  may  be  correspondingly  ascertained  to  the  yJn  or  tdVo  of  a  unit. 
If,  on  the  contrary,  a  be  made  10,  100,  or  1000  times  as  large  as  b, 
each  unit  in  d  must  be  multiplied  by  the  corresponding  factor  of  10, 
100,  or  1000,  to  give  the  value  of  x.  By  this  means  it  is  practical 
to  make  the  bridge  measure  very  small  or  very  large  resistances, 
with  fair  accuracy.  It  is  obvious  that  the  sensitiveness  of  the  gal- 
vanometer employed  to  delect  the  current  flowing  between  A  and  C 
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forms  a  large  factor  in  the  accuracy  of  bridge  measurements.  The 
more  sensitive  the  galvanometer,  the  smaller  the  current  it  will  be 
possible  to  detect,  and  the  nearer  the  bridge  arms  can  be  brought  to 
an  exact  balance.  A  very  convenient  and  portable  form  of  testing- 
set,  embracing  resistance  coils,  bridge,  and  galvanometer  bridge,  is 
shown  in  Fig.  202. 

At  the  extreme  right  of  the  cut  is  shown  a  small  D'Arsonval  gal- 
vanometer, having  the  advantage  of  being  dead-beat.  Next  to  the 
galvanometer  is  the  resistance-box,  containing  four  sets  of  coils, 
units,  tens,  hundreds,  and  thousands ;  and  on  the  extreme  left  hand, 
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the  arms  of  the  bridge,  a  and  b  are  seen,  the  arm  a  having  coils  of 
1,  10,  and  100  ohms,  and  arm  b  with  coils  of  10,  100,  and  1000 
ohms.  By  means  of  pegs,  the  arms  can  be  arranged  either  to  multi- 
ply or  divide  at  pleasure.  With  the  coils  in  X\\%  arms  a  and  b,  ratios 
of  1  to  10,  100,  or  1000  can  be  obtained,  either  multiplying  or  divid- 
ing; and  as  the  resistance  coils  measure  from  1  ohm  to  1111  ohms, 
the  set  can  measure  from  tAb  of  an  ohm  to  11  megohms. 

32fl.  The  Slide  Wire  Bridge.  —  While  the  previously  described 
form  of  bridge  is  capable  of  detecting  a  thousandth  of  an  ohm,  very 
low  resistances  are  more  conveniently  measured  by  a  modification  of 
this  instrument,  termed  a  "slide  wire  bridge,"  as  shown  in  Fig,  ?03. 


rij.  20S.    SlUt  win  BtUf. 

The  illustration  indicates  the  simplest  and  cheapest  form  of  the 
apparatus,  consisting  of  a  baseboard  of  insulating  material  upon 
which  are  placed  three  heavy  copper  bands,  A,  B,  and  C.  Between 
the  bands  A  and  B,  and  B  and  C,  are  gaps  into  which  any  desired 
resistance  coils  may  be  placed.  The  other  ends  of  the  pieces  A  and 
C  are  joined  by  a  uniform  wire,  having  a  resistance  proportioned  to 
the  capacity  of  the  measurement  that  it  is  desired  to  make.  Parallel 
to  this  wire  a  scale  is  placed,  having  its  initial  and  final  points  ex- 
actly opposite  the  places  where  the  measuring-wire  is  connected  to 
the  heavy  copper  bars. 

The  scale  should  be  graduated  to  read  both  ways ;  and  on  the 
assumption  that  the  wire  is  of  uniform  resistance  throughout,  and 
also  that  the  scale  properly  corresponds  to  the  beginning  and  end  of 
the  wire,  the  ratios  of  the  resistances  r  and  r'  may  be  read  from  the 
two  segments  into  which  any  point,  such  as  "B',"  divides  the  wire 
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aiid  the  scale.  The  point  B'  forms  a  sliding  contact  on  the  wire, 
extending  from  the  middle  of  the  bar  B  to  the  wire,  and  including 
the  galvanometer  in  its  circuit. 

By  examination  of  the  illustration,  it  will  be  easy  to  trace  the 
similarity  of  the  circuits  to  those  of  the  ordinary-  Wheatstone  bridge. 
Thus  it  is  evident  that  the  "slide  wire  bridge"  is  merely  such  a 
modification  of  the  ordinary  Wheatstone  arrangement  as  will  permit 
the  introduction  of  any  desired  low  resistances  at  the  points  r'  and 
r,  and  the  use  of  a  uniform  wire  for  the  variable  resistance  arm,  in 
order  that  the  variable  resistance  may  be  obtained  in  sufficiently 
small  fractions  of  a  unit. 

327.  The  Ohm-Meter,  —  It  is  an  obvious  consequence  from 
Ohm's  law  that  the  resistance  of  any  circuit,  or  portion  of  a  circuit, 
may  be  calculated  by  measuring  the  electro-motive  force  operating, 
and  the  amount  of  current  flowing.  It  is  not  uncommon  to  measure 
the  insulation  of  heavy  circuits  by  ascertaining  the  difference  of  po- 
tential at  the  terminals  of  the  dynamo  supplying  circuit,  and  then,  by 
means  of  a  milliammeter,  determining  the  leakage  between  the  circuit 
and  the  ground,  the  quotient  of  these  quantities  being  the  desired 
resistance.  The  objection  to  this  method  is  that  it  requires  a  simul- 
taneous reading  of  two  instruments,  which,  in  cases  of  varying 
currents  and  varying  potentials,  is  difficult  to  obtain.  As  an  im- 
provement, an  instrument  termed  the  ohm-meter  has  been  devised, 
that  consists  of  two  circuits,  one  of  fine  wire  and  another  of  coarse 
wire.  At  the  intersection  of  the  two  coils  a  magnetized  needle  is 
suspended,  carrying  a  pointer,  that,  playing  over  a  scale,  serves  to 
determine  the  readings  of  the  instrument.  Using  the  apparatus,  the 
fine  wire  coil  is  connected  across  the  terminals  of  the  circuit,  serving, 
by  its  effect  upon  the  magnetized  needle,  to  determine  the  electric 
pressure  ;  while  the  coarse  wire  is  connected  in  series  with  the  cir- 
cuit whose  resistance  is  desired,  and  affects  the  needle  proportionally 
to  the  amount  of  current  flowing.  By  the  combined  action  of  the 
two  coils,  the  needle  assumes  a  position  of  equilibrium,  which  is  in 
proportion  to  the  resistance  of  the  circuit.  An  instrument  of  this 
description  forms  an  exceedingly  useful  auxiliary  for  all  circuits  car- 
rying heavy  currents,  as  by  means  of  its  aid  the  insulation  or  resist- 
ance of  the  circuit  may  be  continually  determined,  even  during  the 
time  that  the  plant  is  under  full  operation. 
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338.  Another  form  of  ohm-meter,  very  useful  for  measuring  low 
resistances,  may  be  constructed  by  arrangii^  a  difierential  galva- 
nometer so  that  the  coils  of  the  instrument  may  be  moved  either- 
toward  or  away  from  the  needle,  by  means  of  a  micrometer  screw,. 
so  arranged  that  the  position  of  each  coil  may  be  accurately  deter- 
mined. 

To  measure  a  resistance,  a  known  resistance  is  placed  in  one-half 
of  the  differential  galvanometer  circuit,  and  the  unknown  in  the 
other  half.  The  coils  are  then  adjusted  until  no  deflection  is  pro- 
duced on  the  needle.  The  relative  positions,  then,  of  the  two  coils, 
give  accurate  indications  of  the  unknown  resistance  in  terms  of  the 
known  resistance.  With  a  sensitive  reflecting  galvanometer  arranged 
m  this  manner,  it  is  perfectly  practicable  to  measure  one-millionth  of 
an  ohm  with  accuracy. 

239.  An  instrument  known  as  an  ohm-meter  has  recently  come  into 
vogue  which,  while  it  is  really  a  modihcation  of  the  Wheatstone 


fig.  204.    Ohm-MtUr. 

bridge,  is  an  exceedingly  valuable  piece  of  apparatus.  A  general. 
plan  of  the  ohm-meter  b  shown  in  Fig.  204,  while  the  circuits  are  given 
in  Figs.  205  and  336.  In  the  circuit  of  Fig.  205  suppose  X  to  t)e  an 
unknown  resistance,  R  a  variable  rheostat  containing  coils  of  1,  10, 
100,  and  lOOO  ohms.  Let  X  and  R  be  connected  at  the  point  D  and 
itnned  across  the  other  ends  A  and  B  by  a  uniform  conductor  of 
moderate  resistance.  Let  a  battery  be  joined  to  A  and  B,  a  telephone 
or  galvanometer  provided  with  a  sliding  contact  E  be  connected  to 
D  as  shown  in  the  illustration.    Between  A  and  B  there  is  evidently 
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a  fall  of  potential,  and  if  the  wire  AB  be  touched  with  the  point  E  a 
sharp  click  will  be  heard  in  the  telephone  or  the  galvanometer  will  be 
deflected,  but  it  is  also  evident  from  the  principles  of  the  Wheatstone 
bridge  that  with  any  moderate  ratio  between  X  and  R  a  point  upon 


AB  can  be  found  of  the  same  potential  as  the  point  D,  and  when  the 
contact  E  touches  this  point  there  will  be  no  sound  or  no  deflection. 
If  the  battery  be  replaced  by  any  alternating  current,  such  as  a  small 
induction  coil,  the  telephone  will  emit  a  continuous    sound   as   long 


flq.  20e.    Olim- 


<r  Circuit  far  Utatvrlng  Oapaelti/. 


a^  there  is  a  difference  in  potential  between  D  and  E.  By  sliding 
the  contact  to  and  fro  on  AB  the  point  of  no  difference  of  potential 
can  be  quickly  found,  and  then  the  formula  of  the  Wheatstone  bridge 

shows  that  X  =  Rpr5-     As  the  wire  AB  b  of  uniform  resistance  it  is 
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easy  to  graduate  a  scale  of  equal  parts,  from  which  the  unknown 
resistance  can  be  immediately  read.  Thb  instnmient  possesses  many 
desirable  features  in  addition  to  its  low  price  ($65.00)  and  the  speed 
with  which  measurements  can  be  made-  The  form  represented  in 
Fig.  204  is  capable  of  measuring  resistance  from  .002  to  2,000,000  ohms, 
an  ample  range  for  all  ordinary  electric  testing.  This  instrument 
lends  itself  with  the  greatest  facility  to  the  measurements  of  capacity 
and  inductance,  for  by  using  a  standard  condenser  or  a  standard  induc- 
tance as  shown  in  circuit,  Fig.  206,  it  is  easy  to  measure,  by  exactly  the 
same  process  of  manipulation,  any  capacity  or  inductance.  Lastly, 
the  abiUty  to  use  an  alternating  current  enables  the  resistance  of  elec- 
trolytes to  be  rapidly  measured  and  thus  the  determination  of  battery 
resbtance  or  of  electro-motive  force  of  batteries  is  greatly  simplified. 

IN5TKUMENTS  TOR  MEASURING   ELECTRICAL   QUANTITY  AND 


280.  GalTanometer. — Nearly  all  practical  instruments  for  esti- 
mating either  current  or  electro-motive  force  are  based  on  the  mutual 
reactions  developed  either  between  a  coil  of  wire  and  a  magnetic 
field,  or  between  two  coils  of  wire,  when  arranged  to  form  a  part  of 
the  circuit  it  is  desired  to  measure,  the  only  notable  exception  being 
in  the  case  of  the  hot  wire  and  electrostatic  voltmeters,  to  which  special 
reference  will  be  made.  Galvanometers,  as  these  electro-magnetic  in- 
struments are  broadly  termed,  may  be  used  in  three  distinct  ways: — 

First.  Simply  to  detect  the  presence  of  a  current. 

Second.  When  constructed  so  that  their  indications  are  propor- 
tional to  the  electro- motive  force,  they  become  volt- 
meters or  pressure  indicators. 

Third.  When  the  readings  correspond  to  the  quantity  of  current 
they  are  termed  ammeters. 

As  a  current  indicator,  the  Thomson  Reflecting  Galvanometer 
is  too  well  known  to  need  more  than  passing  reference.  It  is  the 
instrument  imiversally  employed  for  all  accurate  work  involving  cur- 
rents of  small  magnitude,  such  as  insulation,  resistance,  and  capacity 
tests.  The  present  forms  of  this  instrument  are  made  to  permit  the 
use  of  a  number  of  interchangeable  coils;  so,  by  proper  calibration, 
the  galvanometer  may  serve  either  as  a  voltmeter  or  an  ammeter. 
As  the  Thomson  instnunent  is  very  sensitive  tc  the  slightest  varia^ 
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tion  in  the  external  magnetic  field,  and  as  it  is  not  dead-beat,  its  iise 
is  almost  restricted  to  laboratory  work,  and  the  most  refined  methods 
of  testing. 

S31.    'Hie  D'ArBonval  GalTanometor. — In  the    D'Arsonval    Gal- 
vanometer, Fig.  207,  an  instrument  is  obtained,  which,  while  it  lacks 


the  extreme  sensitiveness  and  delicacy  of  the  Thomson,  is  better 
adapted  to  the  general  practice  of  the  electrical  engineer.  In  this 
instrument  the  magnetic  system  is  fixed,  the  poles  of  which  are 
hollow  and  inclose  a  suspended  coil  of  very  fine  wire,  through  which 
the  current  to  be  measured  circulates.  By  this  arrangement  the 
instrument  is  rendered  independent  of    any  surrounding    magnetic 
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fields,  and  C9.n  be  used  in  close  proxinuty  to  the  largest  dynamos; 
and  when  used  with  a  short-circuiting  key,  is  practically  dead-beat. 
Supplied  with  a  reflecting  miiTor,  reading  telescope,  and  scale,  sufB- 
dent  accuracy  and  sensitiveness  may  be  obtained  for  everything  but 
the  most  delicate  tests. 


Jntlnq-nvnm  D'Arm 


The  D'Arsonval  Galvanometer  has  recently  assumed  new  and 
desirable  forms  to  secure  increased  portability,  A  favorite  type  is 
that  shown  in  Fig.  20S,  in  which  the  whole  instrument  is  mounted 
upon  a  baseboard  which  carries  a  bracket  arm  upon  which  the  tele- 
scope and  scile  are  supported.     This  model  can  be  hung  on  the  wall 
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or  instantly  dismounted  and  set  upon  a  tripod.  A  marine  type  of 
instrument  is  shown  in  Fig,  209,  so  contrived  that  without  imdue  loss 
of  sensitiveness  it  may  be  tilted  through  20°  or  30°.  For  the  field 
work  of  cable-testing  the  galvanometer  may  be  mounted  as  in  Fig. 
210,  upon  the  top  of  a  tripod,  much  after  the  fashion  of  a  surveyor's 
instrument,  and  is  built  to  be  carried  from  place  to  place  upon  the 
shoulder  with  as  little  compunction  as  a  transit  or  level. 

233.  The  BaUistio  Galvaiiometer.  —  For  some  measurements, 
notably  in  capacity  testing,  it  is  essential  to  employ  a  certain  modi- 
fication of  the  above  instruments,  usually  termed  a  ballistic  galvanom- 
eter. The  object  of  this  device  is  to  enable  accurate  determinations 
of  transient  currents,  such  as  are  produced  by  the  discharge  of  a 
condenser,  or  currents  developed  by  electro-magnetic  induction.  In 
the  ballistic  galvanometer  the  needle  system  is  so  arranged  that 
movement  does  not  (practically)  take  place  until  the  transient  cur- 
rent has  ceased.  Thus,  as  its  name  indicates,  the  instrument  is 
intended  to  measure  impulses.  It  is  now  customary  to  supply  the 
best  Thomson  and  D'Arsonval  instruments  with  interchangeable 
needle  systems  for  the  purpose  of  ballistic  work.  The  ballistic 
needle  is  usually  a  thimble  or  bell-shaped  magntt,  so  arranged  tliat  its 
rotation  may  be  as  little  retarded  as  possible.  The  relation  between 
an  electric  discharge  and  its  effect  on  a  ballistic  galvanometer  is 
given  by  the  following  formula  :  — 

Let  Q  =  the  quantity  of  electricity  in  coulombs. 

T  =  the  time  in  seconds  required  for  one  complete  oscillation. 

D  =  deflection  with  Q  coulombs. 

F=  figure  of  merit  with  a  constant  current. 
Then  it  can  be  shown  that  — 

For  example.  Suppose  the  discharge  from  a  certain  condenser 
gives  a  throw  of  120  divisions  on  the  scale  of  a  ballistic  galvanom- 
eter, the  figure  of  merit  of  which  is  .0002082  amperes,  and  time  of 
oscillation  6  seconds ;  what  was  the  amount  of  electricity  ?     Here 

i"l20  e.«2il204^55^»»82_. 0239  coulombs. 
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For  the  full  demonstration  of  this  formula,  the  reader  is  referred  to 
any  of  the  extended  works  on  testing,  particularly  that  of  Kempe. 

2S8.  The  constant  of  a  galvanometer  may  be  defined  as  the 
relation  existing  between  the  deflection  indicated  on  the  scale,  the 
current,  and  resistance  of  the  circuit. 

For  example.  Suppose  a  galvanometer  having  a  resistance  of 
r=10,000  ohms  is  connected  with  a  battery  having  an  internal  re- 
sistance r'  =200  ohms,  and  an  external  resistance  r"  =100,000  ohms, 
giving  a  deflection  of  20  divisions.  The  total  resistance  of  the  cir- 
cuit is  110,200  ohms;  therefore,  as  the  current  in  the  circuit  is 
inversely  proportional  to  the  total  resistance,  and  as  the  deflection 
is  assumed  to  be  directly  proportioned  to  the  current,  the  constant 
would  be  110,200  x20  =  2,204,000.  As  any  change  in  the  resistance 
of  the  circuit  will  change  the  deflection,  it  is  possible  to  use  the  con- 
stant to  determine  unknown  resistance.  Indeed,  this  is  the  most 
common  method  used  to  measure  high  resistances,  such  as  the  insu- 
lation of  circuits. 

234.  The  figure  of  merit  of  a  galvanometer  is  the  amount  of 
current  which  will  produce  a  deflection  of  one  division  or  one  d^e< 
upon  the  scale.  To  find  this  current,  it  is  only  necessary  to  connect 
up  the  galvanometer  and  battery,  in  series,  with  a  known  resistance, 
and  then  to  measure  the  deflection  produced.  Having  the  total 
resistance,  it  becomes  a  simple  matter  to  calculate  the  amount  of 
current  flowing,  and  from  this  to  deduce  the  quantity  of  current 
necessary  to  produce  a  deflection  of  one  division,  which,,by  defini- 
tion, is  the  figure  of  merit. 

For  example.  Suppose  a  galvanometer  having  a  resistance  of 
1,000  ohms  to  give  a  deflection  of  100  divisions  when  joined  with  a 
battery  of  250  ohms  and  an  external  resistance  of  10,000  ohms,  the 
battery  having  an  electro-motive  force  of  100  volts.  As  the  total 
resistance  of  the  circuit  is  11,250  ohms,  the  electro-motive  force  of 
100  volts  will  produce  a  current  of  .0089  of  an  ampere.  Under 
these  circumstances,  as  the  deflection  is  100  divisions,  the  figure  of 
merit  of  the  galvanometer  will  be'.0089  divided  by  100  =  .000089 
of  an  ampere.  That  is,  .000089  of  an  ampere  will  produce  a  de- 
flection of  one  division, 

286.  A  galvanometer  having  a  high  figure  of  merit  is  one  the 
needle  of  which  will  deflect  from  zero  with  a  very  small  amount  of 
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current.  This,  however,  does  not  necessarily  convey  the  idea  of  sen- 
sitiveness, for  by  a  sensitive  galvanometer  is  meant  one  whose  needle 
wlien  dtfiecUd  under  the  influence  of  a  current  will  change  perceptibly 
with  very  small  variation  in  the  current  itself.  To  attain  a  truly 
sensitive  instrument,  it  is  essential  that  the  needle  system  should 
have  a  fiber  suspension,  as  it  is  impossible  to  obtain  sensitiveness 
with  any  other  means. 

28d.  Bednotion  to  Zero.  —  The  angular  deviation  of  a  needle 
system  in  reflecting  galvanometers  is  so  small  that  it  is  usually  cus- 
tomary to  assume  that  the  number  of  divisions  in  the  deflection  is 
proportional  to  the  current  that  produced  it.  While  for  instruments 
of  this  class  this  assumption  is  essentially  true,  it  is  ncft  mathemati- 
cally correct.  For  precise  work,  therefore,  it  is  desirable,  as  far  as 
iwssible,  to  use  methods  involving  "  reduction  zero  ;  "  as  in  this  case 
the  final  balance  obtained  is  with  a  zero  reading,  which  must  neces- 
sarily be  precisely  accurate. 

337.  Inferred  Zero.  —  In  a  reflecting  galvanometer,  the  angle 
of  maximum  sensitiveness  is  the  largest  deflection  that  can  practi- 
cally be  obtained ;  as,  however,  under  any  circumstances,  the  deflec- 
tion is  only  a  few  degrees,  the  true  maximum  angle  of  sensitiveness 
can  rarely,  if  ever,  be  reached.  The  method  of  inferred  zero  here 
comes  into  play,  by  means  of  which  increased  sensitiveness  can 
readily  be  obtained.  By  moving  the  controlling  magnet  so  that  the 
needle  is  turned  away  from  the  scale  to  a  considerable  distance,  the 
readable  deflection  of  the  galvanometer  can  be  largely  increased. 

For  example.  Suppose  the  needle  normally  on  the  zero  of  the 
scale,  and  that  a  given  current  causes  it  to  deflect  through  300  di- 
visions. Then  an  increase  in  the  current  of  one  per  cent  would 
increase  the  deflection  300x101/100  =  803,  an  increase  of  three 
divisions.  Suppose  now  that  the  working  zero  be  placed  400  divis- 
ions away  from  the  scale  zero,  and  that  the  current  has  been  suffi- 
ciently strong  to  produce  a  deflection  of  300  divisions  on  the  scale, 
the  actual  deflection  would  therefore  be  equal  to  400  +  300  =  700, 
and  an  increase  in  the  current  of  one  per  cent  would  increase  the 
deflection  to  700x101/100  =  707,  or  a  deflection  of  seven  additional 
divisions,  for  the  same  small  increase  of  current.  It  will  thus  be 
apparent  that  the  sensitiveness  of  the  instrument  may  in  this  man- 
ner be  very  largely  increased.     An  additional  use  of  the  inferred 
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zero  is  to  be  found  in  making  insulation  or  capacity  measurements, 
when  the  standard,  by  means  of  which  the  galvanometer  constant 
is  determined,  produces  a  current  through  the  instrument  which  is 
widely  diiferent  from  the  current  used  in  making  the  test, 

aS8.  OalTajiometer  Shunts.  —  The  deflection  of  a  gah-anoroeter 
being  proportional  to  the  current  traversing  its  coils,  and  the  scale 
being  of  limited  extent,  it  frequently  happens  that  the  current  under 
examination  is  sufficient  to  carry  the  index  off  the  scale,  gi^-ing  a 
deflection  that  is  unreadable.  It  is  usual,  in  such  cases,  to  place  in 
Q  parallel  between theterminalsof  the  gal- 

vanometer an  amount  of  resistance  suf- 
ficient to  permit  of  a  readable  deflection. 
Such  a  resistance  placed  in  parallel  with 
the  galvanometer  is  called  a  "  Shunl. ' 
In  Fig,  211,  let  G  be  the  resistance  of 

Fla.SJt.    Olaanm  tf  Shunt  ConnteiioH.     .,  ,  <-      ,  ,  ..  i . 

the  galvanometer,  5  that  of  the  shunt, 
/  the  total  current,  and  i  and  i'  the  currents  in  the  galvanometer 
coils  and  shunt  respectively,  then  — 

As  the  electro-motive  force  is  the  same  in  both  branches,  the 
respective  currents  will  be  inversely  as  the  resistance  of  each  branch ; 
hence—  ;.       ^  ^ 

J.  =  ^(27).  and,-'  =  ,X^;  (38) 

replacing  i'  by  its  value  found  from  equation  (27), 

Knowing  the  deflection  given  by  the  galvanometer  with  a  known 
current,  the  current  i  is  determined  ;  and  from  the  known  resistance 
G  and  S,  I  is  readily  calculated.  The  deflection  that  would  be  pro- 
duced on  the  scale  with  the  current  /,  assuming  the  law  of  propor- 
tional deflection  to  hold  true  indefinitely,  is  evidently  the  deflection 

given  by  i  multiplied  by  the  factor ^: — .     This   factor  is  termoi 

the  multiplying  power  of  the  shunt,  and  is  frequently  symbolized  by 

M.     Thus —  ,"1    c 

G-\rS  ^  ^  ^gO> 
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Suppose  a  galvanometer  of  6340  ohms,  when   shunted  with  10 
ohms,  to  give  a  deflection  of  125  divisions,  then  — 

125  X  ^^y  ^^  =  125  X  635  ^  79375  divisions. 

In    this    case  »;=635,      Any  known   resistance   may  be  used  as  a 
shunt,  though  for  rapid  work  easy  multipliers  should  be  selected. 

"--^±^(31),  ■5  =  -^-  (32) 


.    in*  Wnloa  VollrotUr. 


an  expression  giving  the  amount  of  resistance  to  be  placed  in  a  shunt 
to  give  any  desired  multiplying  power  m.  The  best  galvanometers 
are  accompanied  by  shunt-boxes  having  multiples  of  10,  100,  and 
1000. 

230.  The  Weston  Instruments.  —  For  the  field-work  of  electri- 
cal engineers,  the  series  of  instruments  manufactured  by  the  Weston 
Electrical  Instrument  Co.  are  eminently  desirable.  The  general  form 
of  the  Weston  instrument  is  shown  in  Fig.  212,  from  which  it  will 
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appear  that  the  instrument  consists  of  a  small,  square  mahogany  box, 
about  6"  on  each  side,  and  about  1"  in  thickness,  which  carries  a  raised 
brass  framework,  under  which  may  be  seen  a  graduated  scale,  over 
which  a  pointer  travels.  The  mechanism  of  the  instrument  is  shown 
in  Fig.  213,  and  consists  of  a  powerful  horseshoe  magnet  carrying 
two  enlarged  pole  pieces.  Between  the  polar  extensions  a  fine  wire 
coil  is  delicately  pivoted  upon  jewel  bearings.  To  this  movable  coil  is 
attached  the  pointer,  or  index,  which  plays  over  a  graduated  scale  If 
a  coil  of  wire  carrying  an  electrical  current  is  placed  between  the 
poles  of  a  magnet,  it  will  tend  to  set  itself  at  right  angles  to  the  lines 


m.  2JI.    Nttille-Btarinq  Wtalon  lifttruiMnt 

of  force.  In  order  to  make  a  measuring-instrument,  it  is  necessary 
that  this  tendency  to  turn  be  opposed  by  some  well-known  graduated 
counter-force.  In  the  Weston  instrument  this  is  accomplished  by 
introducing  two  flat  spiral  springs,  fastened  to  the  ends  of  the  coil 
above  and  below,  close  to  the  bearings.  When  no  current  is  in  the 
instrument,  these  springs  will  keep  the  coil  at  a  certain  zero  position, 
from  which  it  will  be  deflected  in  proportion  to  the  current  through 
the  coil.  The  pointer  may  therefore  be  arranged  to  move  over  an 
appropriately  graduated  scale,  giving  indications,  which,  by  proper 
calibration,  will  be  of  great  precision.  Long  experience  and  great 
care  in  workmanship  have  served  to  refine  the  details  of  the  Weston 
instruments  until  they  are  exceedingly  reliable.     They  are  now  ma'ie 
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to  cover  every  practical  range  of  capacity,  and  are  designed  to  be 
used  either  as  ammeters,  voltmeters,  or  wattmeters.  They  are 
further  arranged  to  be  used  either  on  direct  or  alternating  currents. 

As  the  Weston  instruments  are  perfectly  dead-beat,  and  will  give 
fairly  reliable  readings  in  even  so  unfavorable  a  location  as  a  jolting 
electric  car,  they  form  an  essential  part  of  the  electrician's  outfit. 
For  work  requiring  particular  accuracy,  the  instruments  should  be 
recently  calibrated,  set  quite  level,  carefully  oriented,  removed  from 
powerfully  varying  magnetic  fields,  and  corrected  for  temperature. 

The  instruments  thus  far  described  have  all  been  of  the  gal- 
vanometer type,  and  are  open  to  the  objections  of  requiring  frequent 
calibration  ;  of  sensitiveness  to  surrounding  magnetic  fields  ;  of  intro- 
ducing a  slight  error  by  consuming  in  themselves  a  small  fraction  of 
the  energy  of  the  circuit  to  which  they  are  applied ;  and  of  requiring 
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temperature  corrections  when  accurate  work  is  desired.  To  obviate 
these  difficulties  many  devices  have  been  proposed,  among  the  most 
successful  of  which  the  Cardew  voltmeter  and  the  electrostatic  volt- 
meters of  Lord  Kelvin  may  be  mentioned. 

240.  The  Cardew  Voltmeter.  —  The  operation  of  the  Cardew 
instrument  depends  upon  the  expansion  produced  in  a  long  fine  wire, 
due  to  the  amount  of  heat  developed  in  the  wire  by  the  current  flow- 
ing through  it.  The  heating  effect  of  a  circuit  is  proportional  to  the 
square  of  the  current,  and  to  the  resistance  of  the  circuit.  By  mak- 
ing the  resistance  extremely  high,  the  amount  of  current  becomes 
proportional  to  the  electric  pressure.  In  the  Cardew  voltmeter  a 
long  fine  wire  gives  the  necessary  resistance.  The  instrument  is 
shown  in  Fig.  214,  and  a  view  of  the  mechanism  in  Fig.  215. 

The  wire  is  stretched  under  the  action  of  a  spring,  and  by  suit- 
able mechanism  is  connected  with  a  registering  pointer.  When 
applied  to  a  circuit,  a  small  fraction  of  the  current  passes  through  the 
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fine  wire,  and,  being  transformed  into  heat,  expands  it.  The  move- 
ment of  the  needle  really  records  the  amount  of  this  expansion,- 
which  by  proper  calibration  may  be  made  to  read  in  terms  of  the 
voltage  of  the  circuit.  This  instrument  is  perfectly  dead-beat ;  abso- 
lutely insensitive  to  all  magnetic  fields ;  and,  when  carefully  made, 
forms  within  a  limited  range  an  instrument  of  great  precision. 

241.  The  Eleotrostatio  Voltmeter.  —  The  Kelvin  voltmeters 
.  are  constructed  on  the  principle  of  an  air  condenser,  one  of  the  sets 
of  plates  of  which  is  movable  about  an  axis  in  such  a  manner  that 
the  capacity  of  the  apparatus  may  be  either  increased  or  diminished. 
The  instruments  are  so  designed  that,  under  the  influence  of  an 
electrostatic  stress,  the  pointers  indicate  the  tension  produced.  They 
cover  the  widest  range,  having  capacities  to  measure  from  40  to 
100,000  volts.  As  they  take  no  current,  they  are  insensitive  to 
changes  in  temperature  and  to  varying. magnetic  fields,  and  intro- 
duce no  errors  into  the  circuits  to  which  they  are  applied.  One  form 
of  the  instrument  is  shown  in  Fig.  216. 

The  instrument  consists  of  quadrant-shaped  plates  inclosed  in  a 
glass  case  with  metal  back,  the  plates  being  in  metallic  connection, 
and  nearly  surround  an  aluminum  plate  suspended  between  them. 
The  movable  aluminum  plate  carries  a  pointer  which  indicates  on  a 
scale  at  the  top  of  the  case  the  difference  of  potential  between  the 
two  parts  of  the  condenser.  When  the  fixed  and  movable  plates  are 
connected  to  two  points  of  an  electric  circuit,  between  which  there 
exists  a  difference  of  potential,  the  movable  plate  places  itself  in 
such  a  position  as  to  augment  the  capacity  of  the  instrument,  and  the 
magnitude  of  the  displacing  force  is  proportional  to  the  square  of 
the  difference  of  potential  acting  upon  the  plates.  This  force  is 
counterbalanced  by  means  of  a  weight  which  can  be  hung  upon  a 
knife-edge  at  the  lower  extremity  of  the  movable  plate.  In  order  to 
economize  time  in  making  readings,  there  is  a  device  for  checking  the 
oscillations  of  the  movable  plate,  and  stops  are  introduced  to  limit 
its  range  of  motion,  and  prevent  damage  to  the  indicator.  The  scale 
of  the  instrument  is  graduated  from  0  to  60,  the  divisions  indicating 
equal  differences  of  potential.  The  actual  value  of  any  division 
depends  upon  the  weight  that  is  placed  upon  the  knife-edge  of  the 
movable  plate.  With  each  instrument  a  set  of  three  weights  is 
usually  supplied,  having  ratios  of  1,  2,  and  4.     When  the  smallest* 
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weight  is  used,  each  division  indicates  50  volts ;   with  the  second, 
100  ;  and  with  the  third,  200  volts. 

243.    Siemens    Dynamometer.  —  This   instrument   consists  of 
two  coils  of  wire,  one  fixed  and  one  movable,  which  are  arranged  as 
in  Fig.  217,  so  the  movable  coil  surrounds  the  fixed  coil  placed  in 
the  center  of  the  instrument.     By  the  means  of  binding-posts  on  the 
base,  the  current  to  be  measured  may  be  caused  to  flow  through 
both  the  fixed   and    the  movable  coil.      The  movable  coil  is  sus- 
pended from  the  top  of  the  instrument  by  means  of  a  spiral  spring 
attached    to    a    knob    which    carries   a 
pointer  playing  over  a  graduated   scale. 
When  a  current  is  passed  through   the 
instrument,  there  is  mutual  attraction  set 
up  between  the  movable  coil  and  the 
fixed  coil.     The  movable  coil,  therefore, 
swings  about  its  axis,  and,  by  means  of 
the  spiral  spring  and  milled   head,  may 
be  brought  back  to  its  original  position 
at   right  angles  to  the  fixed  coil    The 
number   of   degrees  or  divisions  of  the 
st^e  through  which   it   is   necessary  to 
turn   the  head  forms  a  measure  of  the 
current.     It  is  usual  to  accompany  these 
instruments   with    a    tabular    statement 
showing    the  value  of    the  divisions  on 
the    scale.      When   wound  with  coarse 
f/(r.  217.  «,™™  iv-™™"""'-        '^'■■^'  '*''''  instrument   may   be  used  for 
measuring  current   strengths  of  any  de- 
sired amount  up  to  several  thousand  amperes.     When  wound  with 
fine  wire,  a  similar  instrument  may  be  used  as  a  voltmeter;  and  by 
winding  the  fixed  coil  with  coarse  wire,  and  the  movable  coil  with 
fine  wire,  the  instrument  becomes  a  wattmeter  whose  indications  are 
proportional  to  the  total  energy  flowing  through  the  circuit. 

248.  Condensers.  — When  one  conductor  is  adjacent  to  another 
it  possesses  the  property  of  storing  upon  its  surface  a  quantity  of 
electrical  energy.  This  quality  is  called  the  capacity  of  the  conduc- 
tor, and  plays  an  important  part  in  the  development  of  electrical 
circuits.     The  capacity  of  a  conductor  may  be  numerically  defined  as 
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the  number  of  coulombs  of  electricity  required  to  be  given  to  the- 
one  conductor  in  order  to  produce  a  difference  of  potential  of  one 
volt  between  it  and  the  other.     The  capacity  of  a  conductor  depends 
upon  its  geometrical  shape,  upon  its  position  relatively  to  the  neigh- 
boring conductor,  and  on  the  characteristics  of  the  dieiectric  sepa- 
rating the  conductors.     The  Leyden  jar  is  a  familiar  example.     In 
this  case  a  glass  jar,  coated  inside  and  out  with  tin-foil,  gives  the  two- 
conductors  which  are  separated  by  means  of  the  glass  of  the  jar  as  a 
dielectric.     The  capacity  of  circuits  is  usually  measured  by  compar- 
ing the  quantity  of  electricity  which  may  be  stored  upon  them  with 
that  of  a  standard  condenser.     The  condenser  usually  consists  of  a. 
box  of  insulating  material  in  which  are 
preserved  a  number  of  alternate  layers 
of  tin-foil,  separated  by  paraffine  paper 
or  mica  as  an   insulator,  the  paraffine 
paper  serving  in  the  condenser  precisely 
the  same  office  as  the  glass  in  the  Ley- 
<ii-'n  jar.     A  condenser  may  be  charged 
by   connecting   its  terminals   with   the 
poles  of  a  battery,  the  amount  of  elec- 
tricity stored  being  in  proportion  to  the 
size  of  the  condenser  and  the  electro- 
motive force  of  the  battery. 

The  unit  of  capacity  is  the  "farad."  f^are.  Stamtart comtaowr. 

Inasmuch  as  this  unit  is  too  large  for 

ordinary  work,  condensers  are  usually  made  in  fractions  of  one  or 
more  millionths  of  a  farad,  termed  a  microfarad. 

The  standard  condenser  usually  takes  the  form  of  a  carefully 
finished  box,  having  upon  its  top  a  series  of  plates  that  may  be  con- 
nected by  means  of  plugs  to  respective  divisions  of  the  condenser. 
In  fact,  the  apparatus  very  closely  resembles  a  resistance  or  megohm 
box.  An  exceedingly  convenient  size  is  given  in  the  illustration. 
Fig.  218,  having  a  total  capacity  of  one  microfarad,  subdivided  into 
five  parts  of  .5,  .2,  ,2,  .05,  and  .05  microfarad  each. 

344.  The  different  subdivisions  of  a  condenser  may  be  combined 
either  in  series,  in  parallel,  or  in  the  various  combinations  of  series- 
parallel.  Thus :  supposing  that  C'C'C" ^  etc.,  be  the  respective  capaci- 
ties of  the  various  subdivisions  of  a  condenser.    They  may  be  grouped 
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in  parallel  as  represented  by  C  +  C"  +  C"  +  C""  +  etc  Under  this 
condition  the  total  capacity  will  be  equal  to  the  sum  of  the  respective 
capacities.  This  condition  may  be  expressed  graphically  as  shown 
in  Fig.  219. 


fig.  210. 


When  the  combination  is  made  in  series  the  joint  capacity 
follows  the  law  of  the  resistance  of  parallel  circuits,  the  capacity 
being  the  reciprocal  of  the  sum  of  the  reciprocals  of  the  respective 
parts.     Analytically  this  is  expressed  by  :  — 

c ! 

Graphically  the  relation  may  be  indicated  by  Fig.  220. 


C C" C" . 

Ft§.  320.     Olagram  of  CsndMMn  In  Bfltt. 

Further  combinations  may  be  made  by  uniting  the  parts  of 
a  condenser  in  any  of  the  possible  series-parallel  arrangements. 
Such  combination  may  be  expressed  either  symbolically  or  graphi- 
cally. For  example,  one  combination  of  a  three-part  condenser  is  :  — 
C'C" 


or  graphically,  Fig,  221. 


^'+c-+c- 


Thus,  with  two  divisions  in  a  condenser,  four  combinations  may 
be  made ;  viz.  :  — 

C,  C",  C'+C",         and         S?"^„- 
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With  three  divisions  fourteen  combinations  may  be  made,  the 
possible  combinations  increasing  in  a  geometrical  ratio  with  the 
number  of  parts  of  the  condenser. 

WATTMETERS. 

246.     The  wattmeter  forms  one  of  the  most  valuable  measuring 
instruments  at  the  command  of  the  electrician ;  for  by  its  use  the 
total  energy  delivered  at  any  point  of  a  circuit  may  be  measured, 
irrespective  of  the  variations  in  potential  and  current.     Instruments 
of  this  kind  are  divided  into  two  classes,  known  as  the  Indicating 
Wattmeters   and    the   Inte- 
grating    Wattmeters,        In- 
struments of  the  first  divis- 
ion are  typified  by  the  Wes- 
ton Wattmeter  and  the  Sie- 
mens Electro-dynamometer, 
which  have  been  already  de- 
scribed.     Their  province  is 
simply   to   indicate    the  in- 
stantaneous   value    of    the 
product    of   the    volts    and 
amperes  t;^versing  any  part 
nf  the  circuit.     The  second 
class,  or  integrating  instru- 
ments,  embrace    nearly   all 
the  various  devices   known  „   ,,,    r-         «  -     -, «  ^ 

Ft^  122.    riiomon-Haaitoti  Wattmitv. 

as  electric  meters,  of  which 

the  Thomson  Recording  Wattmeter  is  a  representative  example. 
These  instruments  do  not  indicate  instantaneous  values,  but  inte- 
grate the  total  energy  delivered  to  the  circuit  during  the  time  through 
which  they  are  attached  to  it.  Thus  the  readings  of  these  devices 
are  in  watt-hours  or  watt-minutes.  To  obtain  the  average  instan- 
taneous value  of  the  energy,  the  reading  of  the  instrument  (if  in 
watt-hours)  must  be  multiplied  by  3,600,  and  divided  by  the  time 
expressed  in  seconds  during  which  the  meter  has  been  in  circuit. 

346.  The  Thomaon-Houston  Wattmeter.  —  One  of  the  most 
valuable  forms  of  wattmeter  is  that  devised  by  Professor  Thomso^^ 
and  is  shown  in  Fig.  222. 
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It  consists  of  an  iron  frame  carrying  two  heavy  coils  of  wire, 
through  which  runs  a  light  shaft  attached,  near  its  base,  to  a  copper 
plate  revolving  between   the  poles   of   three   magnets. 
The  shaft  also  carries  a  coil  of  fine  wire  placed  inside 
of  the  coarse  wire  coils.     This  instrument  is  therefore 
an  electrical  motor,  in  which  the  coarse  wire  coils  form 
the  field,  the  fine  wire  coils  the  armature,  the  rotation 
of  the  shaft  being  proportional  to  the  product  of  the 
current  in  the  coarse  and  fine  wire  coils,  which,  in  turn, 
is  proportional  to  the  total  quantity  of  electricity  and 
to  the  pressure  in  circuit.     The  rotation  of  the  copper 
disk  between  the  poles  of  the  magnets  experiences  a 
constant  retarding  force,  which  tends  to  check  the  mo- 
tion.    The  dial  at  the  top  serves  to  register  the  rota- 
Fig.223.       tion  of  the  shaft,  and  is  calculated  to  give  readings  in 
aneit-ciraiWiit    watt-hours.     Thus  this  instrument  sums  up  the  entire 
energy   which  flows  through  a  given   circuit   between 
any  two  intervals  of  time  at  which  readings  may  be  taken. 

347.  Keys.  —  To  complete  a  set  of  testing  instruments,  a  num- 
ber of  keys  should  be  provided  for  readily  manipulating  the  circuits. 
The  most  important  keys  are  the  short-circuiting  key,  the  reversing 
key,  and  the  discharge  key.     See  Figs.  223,  224,  and  225. 

By  means  of  the  short-circuiting  key,  the  galvanometer  coils  may 
be  closed  upon  themselves  at  the  instant  of  opening  the  circuit,  thus 
checking  the  oscillations  of 
the  needle,  and  tending  to 
render  the  instrument  dead- 
beat. 

By  means  of  the  revers- 
ing key  the  direction  of  the 
current  in  a  given  circuit 
may  be  quickly  and  conven- 
iently changed. 

The  discharge  key  is  a 
device   for    connectmg    the 

condenser  alternately  with  the  charging  battery  and  the  galvanom- 
eter, and  is  a  necessary  adjunct  for  all  capacity  tests. 

248.    The   Magneto.  —  The    apparatus   termed    "a    magneto," 
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frequently  used  in  making  tests  of  electrical  machinery,  is  a  very 
convenient  rough-and-ready  instrument.  It  consists  of  a  small  box, 
Fig.  226,  carrying  a  bell  fur- 
nished with  a  small  alternat- 
ing current  dynamo.  By 
means  of  a  crank  at  the 
side  of  the  box  the  arma- 
ture of  the  dynamo  can  be 
rapidly  rotated,  thus  gener- 
ating an  alternating  current. 
If  the  circuit  of  the  machine 
is  closed,  the  current  flows 
through  the  bell,  and  by 
causing   the   bell    to    ring, 

gives  indication   that  the  circuit   is  continuous.      The  magneto   is 

chiefly  used  to  detect  low  insulation.     For  this  purpose  the  little 

generator  is  wound  to  be  able  to  ring  the  bell  through  a  resistance 

of  from  twenty  to  twenty-five  thousand  ohms.     It  thus  forms  a  very 

handy  and  convenient  detector  for  the  purpose  of  determining  short 

circuits    or  defective  insulation.     After  con.siderable   practice  with 

a  particular  instrument,  it  becomes  quite  possible  to  make  a  rough 

approximation   of   the   resistance 

of  a  circuit  by  judging  from  the 

strength    and    clearness    of    the 

ring  which  is  given. 

249.    Ground  lodioators.  — 
Important    lines   carrying   heavy 
currents   should,  as  a  matter  of 
I  safety,    be    provided    with    con- 

stantly acting  telltales  to  in- 
stantly Indicate  any  fault  in  the 
insulation.  The  most  simple  of 
these  contrivances  is  arranged 
in  the  following  manner.      Two 

Fig.  220.     TUt  Wogntta.  ° 

similar  incandescent  lamps,  of  an 
appropriate  voltage  to  be  fully  illuminated  when  placed  in  parallel 
across  principal  conductors,  are  connected  in  series  as  shown  in  Fig. 
227,  at  L  and  L'  (p.  298). 
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Under  these  ctrcumstances  the  lamps  will  bum  at  a  dull  red.  As 
long  as  the  circuit  is  completely  insulated,  no  current  will  traverse 
the  wire  /  The  galvanometer,  or  bell, 
gives  no  indication,  and  the  aspect  of  the 
.  two  lamps  is  identical.  If  now,  however, 
a  leak  occurs  at  any  other  point  of  the 
line,  a  current  will  flow  through  f.  One 
of  the  lamps,  therefore,  will  find  itself 
shunted  by  the  circuit  through  the  earth, 
and  will  consequently  burn  less  brightly, 
while  the  light  of  the  other  lamp  is  aug- 
mented, 

280.  Upon  lines  carrying  alternating 
currents,  an  analogous  arrangement  can  be 
used  ;  and  as  it  is  inadvisable  to  perma- 
nently ground  any  part  of  the  circuit,  it  is 
oo»</«™»  a!^„tB^ni  inii^«.  better  to  interpose  in  the  ground  wire  a 
switch,  by  means  of  which  connection  may 
be  made  whenever  it  is  desired  to  test  the  insulation  of  the  line. 
Moreover,  it  is  advisable  to  make  the  test-wire  a  part  of  the  primary 
circuit  of  a  transformer,  in  the  secondary  of  which  the  telltale  lamps 
are  placed.    The  arrangement  of  this  apparatus  is  shown  in  Fig,  228, 

261.  These  con- 
trivances) however,  are 
defective  to  the  extent 
that  they  do  not  give 
continuous  and  auto- 
matic indications  of 
the  insulation  of  the 
circuit,  but  require  the 
presence  of  an  opera- 
tor to  obtain  results. 
The  following  modifi- 
cation of  the  ground 
indicator  may  be  used 
for  alternating  circuits, 
from  which  continuous  indications  can  be  obtained.  The  principle 
of  this  contrivance  is  shown  in  Fig.  229. 


W^ 
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Between  the  principal  conductors  two  large  metallic  plates  are 
connected,  C  and  C,  forming  the  armatures  of  a  condenser.  The 
other  plates  are  connected  to  the  ground  by  _ 
means  of  a  wire,  into  which  is  placed  a  tele- 
phone, t.  As  long  as  the  insulation  rema 
perfect  no  current  flows  through  the  grounded 
wire.  As  soon,  however,  as  a  fault  occurs, 
an  alternating  current  is  set  up  in  the  wire, 
which  manifests  itself  by  so  loud  a  hum  in  the 
telephone  as  easily  to  be  perceived  throughout 
a  large  room.  The  sensitiveness  of  the  tele- 
phone is  sufficient  to  make  this  apparatus 
work  successfully  with  condensers  of  very 
small  capacity. 

362.     The    Bojrer     Speed    Recorder.  — 
The  Boyer  Speed  Recorder,  Fig.  230,  is  an  instrument  for  obtaining 
instantaneous  values  of,  and  recording  the  curve  of  speed  of  any  axle 
on  any  machine,  and  consists  of  a  little  rotary  oil-pump  supplied  with 
a  gauge,  recording  pencil, 
and  a  cylinder  carrying  a 
roll   of   cross-section    pa- 
per, which   is  moved   by 
clockwork.     For  determi- 
nation of  car  speed,  indi- 
cations  are   obtained  by 
attaching  the  machine  by 
IS  of  a  belt  to  the  car-axle, 
motion    of    the   axle    being 
mitted   to    the    pump,    and 
iicing    a    pressure     upon     a 
n    attached    to    the    pencil, 
causing  the  piston   to  rise 
fall    in    proportion    to    the 
i  attained  by  the  car.      As 
n,.2»o.   ft,^,8^»^.r.  a  result,  the  instrument  traces  a 

curve,  whose  abscissa;  and  ordi- 
nates  express,  at  any  instant  of  time,  the  value  of  the  car  speed  as 
a  function  of  time.  A  curve,  as  described  by  this  instrument,  is 
given  in  Fig,  231. 
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While  the  indications  of  the  Boyer  instrument  give  inaan- 
taneous  values  for  car  speed,  it  is  frequently  of 
use  to  obtain  the  mean  speed.  Assume  on  thf 
horizontal  axis  of  the  diagram  any  points  A  and 
B,  between  which  it  is  desirable  to  obtain  the 
mean  speed.  The  time  required  for  the  car  to 
go  any  short  distance  dx,  at  a  speed  h,  is  d x  b. 
B  Consequently,   the    total   time    required   for   the 

«         car  to  go  between  points  A  and  B  is  equal  to 
\        the- 


s 


The  distance  traversed  '\%  B  —  A,  hence 


11 

ii 


s  the  true  mean  speed. 
The  integral 


rA 


*         is  the  area  of  a  reciprocal  curve  to  that  given  by 

1  the   Boyer  indicator,  between   points  A  and  B. 

2  which  may  be  obtained  as  follows:  — 

I  Subdivide    the   base-line  of   the  curve  given 

''         by  the   indicator   into  equal   parts,   and  set   off 

d         upon   the   ordinates   drawn  to   these  divisions  a 

5         series  of  lines,  whose  length  will  be,  respectively, 

J         equal  to  the  reciprocals  of  the  ordinates  to  the 

g  Boyer  curve  at  each  proper  point. 

■"  Drawing  a  curve  from  the  vertices  of  these 

ordinates,  a  new  curve  is  obtained,  which  is  the 

reciprocal  curve  sought  for.    When  the  car  stops, 

the  value  of    the  expression  under  the  integral 

sign  becomes  infinity,  which  cannot  be  included  in  the  calculation. 
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CHAPTER   X. 

UBTHODB   OF  ELSCTRICAI.  BfBABITREMBNT. 

Art.  368.  To  the  practicing  engineer,  the  various  methods  of 
electrical  measurement  are  chiefly  valuable  as  affording  a  means 
of  inspecting  the  condition  of  the  circuit  of  a  plant  for  the  electrical 
transmission  of  energy,  with  a  view  to  the  determination  of  the  per- 
formance, in  order  to  afford  information  as  to  the  possibilities  of 
increasing  efficiency  or  remedying  defects.  In  every  electrical 
circuit,  there  are  five  elements  which  are  worthy  of  consideration. 
To  the  line  may  be  attributed  the  properties  of  resistance,  capacity, 
and  inductance,  while,  having  regard  to  the  energy  conveyed,  there 
are  the  factors  of  potential  and  quantity  of  current. 

In  strictly  scientific  investigation,  all  electrical  quantities  are,  by 
means  of  the  C.  G.  S.  system,  finally  referred  to  fundamental  units 
of  length,  mass,  and  time.  For  practical  work,  the  more  common 
commercial  units  are  chiefly  used,  being  readily  deduced  from  the 
C,  G.  S.  system. 

864.  Electrical  Ictensity.  —  The  amount  of  energy  transmitted 
by  electricity  is  always  measured  by  the  product  of  two  factors, 
namely,  electrical  intensity  multiplied  by  electrical  quantity.  Elec- 
trical intensity,  pressure,  potential,  or  electro-motive  force,  as  it  is 
variously  called,  is  that  property  of  electrical  energy  by  means 
of  which  it  is  enabled  to  overcome  resistance.  While  the  foregoing 
synonyms  have  not  quite  a  parallel  significance,  when  used  in  the 
most  exact  scientific  sense,  the  terms  are  usually  regarded  as  inter- 
changeable for  ordinary  work.  The  commercial  unit  of  electrical 
pressure  is  the  Volt,  and  may  be  defined  as  that  amount  of  electrical 
pressure  which  will  produce  a  current  of  one  unit  of  electrical  quan- 
tity in  a  circuit  having  one  unit  of  resistance  in  one  second  (or  unit) 
of  time. 

266.  Elleotrioal  Quantity.  —  The  unit  of  electrical  quantity  is 
the  Coulomb,  and  is  defined  as  the  amount  of  electricity  which 
will  flow  through  a  circuit  having  a  resistance  of  one  unit  in  one 
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second  of  time,  when  the  difference  of  electrical  pressure  between 
the  ends  of  the  circuit  is  one  volt. 

356.  Unit  of  Current.  —  As  a  corollary  to  the  two  preceding 
units,  a  circuit  having  a  resistance  of  one  unit,  and  which,  under  a 
pressure  of  one  volt,  delivers  in  a  second  of  time  one  coulomb  of 
electricity,  is  stated  to  carry  one  unit  of  current.  This  unit  is 
termed  the  Ampere.     Usually  all  currents  are  measured  in  amperes. 

The  coulomb  defines  electrical  quantity,  pure  and  simple,  while 
the  ampere  conveys  the  idea  of  rate  of  transfer ;  namely,  one  coulomb 
ppr  second,  the  ampere  differing  from  the  coulomb  by  embracing 
the  idea  of  time. 

257.  Capacity.  —  It  is  found  that  circuits  of  all  kinds,  and,  in 
fact,  all  conductors  and  insulators,  are  capable  of  storing  a  certain 
amount  of  electrical  energy ;  and  the  ability  to  thus  contain  electri- 
cal energy  is  termed  "  capacity."  The  unit  of  capacity  is  the  Farad, 
and  is  that  amount  of  electrical  capacity  which,  under  an  electrical 
pressure  of  one  volt,  is  enabled  to  store  one  coulomb  of  electricity. 
Unfortunately  for  practical  use,  this  unit  is  altogether  too  large ;  and 
the  Microfarad,  or  millionth  of  a  farad,  is  the  subdivision  most  com- 
monly employed, 

268.  Resistanoe.  —  The  unit  of  resistance  is  the  Ohm,  and  is 
equivalent  to  the  resistance  of  a  column  of  pure  mercury,  one 
square  millimeter  in  cross-section,  106  centimeters  in  length,  at  a 
temperature  of  0°  Centigrade.  For  practical  purposes,  units  of 
resistance,  in  the  form  of  resistance-boxes,  as  described  in  the  last 
chapter,  are  commonly  employed. 

260.  The  Watt.  —  The  amount  of  energy  transmitted  during  a 
given  time  by  an  electrical  current  is  equivalent  to  the  product  of 
the  electrical  pressure  multiplied  by  the  quantity  of  electricity.  To 
measure  the  power  of  doing  work  of  a  given  current,  gives  rise  to 
the  employment  of  a  derived  unit  called  the  Watt,  equivalent  to 
the  product  of  the  volts  and  amperes,  precisely  in  a  manner  similar 
to  the  determination  of  mechanical  work  by  means  of  the  foot- 
pound. Thus  the  rate  at  which  any  machine  is  capable  of  dispens- 
ing energy  is  measured  by  the  number  of  foot-pounds  per  minute 
that  it  is  capable  of  delivering ;  so,  in  an  electrical  circuit,  the  rate 
of  doing  work  is  equal  to  the  number  of  volt-amperes,  or  "  watts  "■ 
per  unit  of  time. 
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2flO.  Olun's  Law.  —  In  any  electrical  circuit,  the  generator  may 
be  r^arded  as  a  contrivance  whereby,  at  one  point  of  the  circuit,  the 
electrical  potential  may  be  raised ;  and  if,  for  the  sake  of  illustration, 
electricity  be  regarded  for  the  moment  as  a  material  substance,  the 
pressure  is  rendered  useful  by  the  amount  of  electricity  which  may 
be  set  in  motion  against  the  resistance  of  the  circuit.  In  every  part 
of  a  circuit  the  amount  of  work  expended  is  equivalent  to  the  quan- 
tity of  electricity  that  passes  this  portion  of  the  circuit,  multiplied 
by  the  fall  of  potential,  or  loss  of  pressure,  that  takes  place  within 
the  part  of  the  circuit  under  consideration. 

According  to  the  law  of  conservation  of  energy,  the  amount  of 
work  done  by  the  generator  will  be  precisely  equal  to  the  sum 
of  at!  the  work  delivered  in  the  whole  circuit.  If  E  be  the  electro- 
motive force  between  any  two  planes  in  any  circuit,  R  the  resistance 
between  the  planes,  and  /  the  quantity  of  current  flowing,  in  amperes, 
the  relation  existing  between  these  quantities  has  been  stated  by  Dr. 
Ohm  to  be :  — 

R  =  ^.  (33) 

As  above  written.  Dr.  Ohm's  law  only  applies  to  steady,  non-pul- 
sating currents ;  but  if  the  quantities  E,  I,  and  R  be  assigned  values 
expressing  the  instantaneous  effective  electro-motive  force,  effective 
current  and  impedance  of  the  circuit,  having  due  regard  to  the  posi- 
tive and  negative  effects  of  capacity  and  inductance,  the  formula 
becomes  applicable  to  currents  of  all  descriptions,  whether  continuous 
or  alternating,  and  of  whatsoever  shape  of  wave. 

261,  Kirohhoff s  Laws.  —  Kirchhoff  has  announced,  under  the 
form  of  two  laws,  principles  that  underlie  many  of  the  formulae 
employed  in  electrical  investigation. 

First  Law.  —  If  any  number  of  conductors  meet  at  a  point,  and 
if  all  the  currents  flowing  toward  the  point  be  considered  as  positive, 
while  all  those  flowing  away  from  the  point  be  considered  negative, 
and  if  equilibrium  exists,  that  is,  if  the  electrical  potential  at  the 
point  of  junction  remains  steady,  the  algebraic  sum  of  all  the  currents 
meeting  at  the  point  will  be  zero.     Mathematically  expressed  :  — 

S/=0.  (34) 

Second  Law.  —  In  any  network  of  electrical  conductors  forming  a 
closed  polygon  containing  varying  currents,  varying  resistances,  and 
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varying  electro-motive  forces,  the  algebraic  sum  of  all  the  products 
of  the  currents  and  resistances  is  equal  to  the  sum  of  all  the  electro- 
motive forces,  or  mathematically  :  — 

•S,t^R  =  %E.  (35) 

Nearly  all  the  formulae  for  electrical  measurements  are  based  upon 

the  laws  of  Ohm  and  Kirchhoff ;  and  while  the  demonstration  of  the 

succeeding  formulae  are  not  given  in  full,  they  may  readily  be  deduced 

from  the  above  cited  laws  by  the  ordinary  algebraic  processes. 

262.    It  is  now  proposed  to  consider  the  determination  of  the 
various  electrical  quantities  in  the  following  order:  — 
Resistance.  Capacity. 

Current  Strength.  Inductance, 

Electro-Motive  Force. 
For  the  determination  of  these  quantities,  such  a  selection  of 
methods  is  given  as  will  enable  the 
practicing  electrician  to  choose  an  ar- 
rangement to  fit  the  apparatus  com- 
monly to  be  found  in  all  electrical 
installations.  In  the  methods  given, 
careful  consideration  has  been  exer- 
cised to  include  only  those  which  are 
of  the  greatest  practical  value,  leaving 
laboratory  methods  and  tests  at  one 
side,  as  not  being  suitable  for  the 
field-work  of  the  electrical  engineer. 

In  all  methods  of  measurement,  it  is  necessary  to  compare  a  stan- 
dard unit  with  the  unknown  quantity,  in  order  to  ascertain  the  ratio 
which  exists  between  the  two ;  and  for  this  purpose  it  is  essential  to 
make  use  of  some  form  of  indicator,  by  means  of  which  comparison 
between  the  standard  and  the  unknown  can  be  readily  made.  In 
most  electrical  measurements,  the  galvanometer  is  selected  for  this 
purpose. 

All  of  the  instruments  necessary  to  the  following  methods  have 
already  been  discussed  and  described  in  the  previous  chapter. 

2B8.  Measurement  of  BesUtonce.  —  First,  by  deflection.  In 
Fig.  232,  suppose  G  to  be  a  galvanometer  of  any  desired  type,  E  a 
battery,  or  other  generator  of  convenient  voltage,  and  r  a  known 
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resistance,  such  as  may  be  readily  found  in  a  standard  resistance-box, 
and  that  it  is  further  desired  to  measure  the  value  of  some  unknown 
resistance,  R.  Connect  up  the  galvanometer  battery  and  the  known 
resistance  r,  as  shown  in  Fig.  232;  that  is  to  say,  with  the  galva- 
nometer, battery,  and  resistance  all  in  series.  Let  G  equal  the  resist- 
ance of  the  galvanometer,  r  the  known  resistance,  and  r'  the  resistance 
of  the  battery  and  the  remainder  of  the  circuit.  In  many  cases,  this 
latter  quantity  is  so  small  in  comparison  with  the  unknown  resist- 
ances, that  it  may  be  neglected.  If  £■  be  the  electro-motive  force 
of  the  battery,  and  /  the  current  in  the  circuit,  a  certain  deflection  d 
will  be  produced  on  the  galvanometer.     By  Ohm's  law, 

7((;  +  ^  +  r)  =  E.  (37) 

Now,  for  the  known  resistance  r,  substitute  the  unknown  resist- 
ance R.  Under  these  circumstances,  suppose  /'  to  be  the  current 
in  the  circuit,  giving  a  new  deflection  d'  upon  the  galvanometer. 

I\G  +  r' Jr R)  =  E.  (39) 

Solving  for  R,  transposing,  and  arranging,  — 

■ff-^  XCG  +  r  +  rO-CG-t-rO-  (40) 

As  the  deflections  d  and  d'  are  proportional  to  the  currents  / 
and  /',  did'  is  proportional  to  ///',  and  may  be  substituted  for  it, 
hence : — 

R  =  ~{G-^r->rr-)-{G^r').  («) 

364.  The  deflection  readings  on  the  galvanometer  scale  in  de- 
grees have  been  used  in  the  formulae.  When  the  readings  are  small, 
or  when  no  special  accuracy  is  required,  this  assumption  is  suffi- 
ciently correct.  When  the  deflections  are  of  considerable  magnitude, 
or  when  in  using  the  scale  readings,  either  of  an  ordinary  galvanom- 
eter or  of  a  reflecting  instrument,  great  accuracy  is  desired,  the 
tangent  of  d  and  the  tangent  of  d'  should  be  substituted  for  the 
actual  reading  in  degrees.  To  measure  resistance  by  this  method, 
the  resistance  of  the  galvanometer,  as  well  as  that  of  the  rest  of  the 
drcuit,  must  be  known,  or  neglected. 
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The  galvanometer  resistance  is  usually  given  by  the  maker. 
Knowing  the  galvanometer  resistance,  and  neglecting  that  of  the 
battery  and  connections, — 

R  =  'j.{G  +  r)-G.  (42) 

By  adjusting  the  resistance  r  so  that'</'=2£/,  the  preceding 
formula  is  simplified.     Under  this  condition  equation  becomes  — 

R-!^—-  (43) 

Wiien  it  is  inconvenient  to  make  d'  equal  2</,  simplification  may 
be  obtained  by  making  d'  any  even  multiple  of  d. 

266.  The  quantity  rd,  obtained  by  multiplying  a  known  resist- 
ance r  by  the  galvanometer  deflection  produced  with  the  resistance  / 
in  circuit,  is  called  the  galvanometer  constant,  and  is  much  used  in 
making  line-insulation  tests. 

Thus  a  galvanometer,  megohm  box,  and  battery  are  joined  up  in 
series,  and  a  deflection  of  d  divisions  is  obtained  with  r  ohms  in 
circuit,  rd  being  the  constant.  Any  other  high  unknown  resistances, 
K,  R',  R",  etc.,  now  are  substituted  for  r,  giving  deflection  d',  d", 
d'",  etc.  In  case  r  is  very  small  compared  to  R,  R',  R",  etc.,  the 
method  of  the  inferred  zero  may  be  advantageously  applied.  For 
great  accuracy  tangent  d,  tangent  d',  etc.,  should  be  used.  In  using 
a  tangent  galvanometer  with  methods  in  which  only  one  deflection  is 
concerned,  it  is  best  to  make  the  deflection  as  nearly  45  as  possible. 
If  two  deflection  methods  are  employed,  it  is  advisable  to  make  them 
fall,  as  nearly  as  may  be,  at  equal  distances  on  either  side  of  45.  If 
one  deflection  is  to  be  double  the  other,  then  about  85  and  55  are 
convenient  to  employ. 

For  such  measurements  a  battery  of  constant  electro-motive  force 
must  be  used,  or  corrections  for  change  in  pressure  introduced 
There  must  also  be  no  change  in  the  external  magnetic  field,  or  a 
redetermination  of  the  constant  is  necessary, 

266.  Besistanoe  by  Wheatetone  Bridge.  —  Resistance  measure- 
ments by  Wheatstone  bridge  are  extremely  simple.  A  battery  is 
connected  to  the  binding-posts,  marked  "  Battery,"  of  the  testing- 
set,  and  the  resistance  to  be  measured  connected  to  the  posts  marked 
"X."     In  each  of  the  bridge-arms  a  peg  is  inserted  in  the  coils  that 
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are  estimated  to  furnish  the  appropriate  arm  resistance ;  and  then  the 
pegs  in  the  rheostat  are  shifted  about  until  the  needle  of  the  gal- 
vanometer fails  to  move,  indicating  that  a  balance  has  been  attained. 
The  resistance  indicated  by  the  rheostat,  multiplied  by  the  appropriate 
factor  due  to  the  ratio  of  the  bridge-arms,  gives  the  desired  resist- 
ance. To  secure  the  best  results,  however,  it  is  advisable  to  follow 
certain  conditions. 

Referring  to  Fig.  201,  Chapter  VI,  assume  the  letters  attached  to 
the  various  parts  of  the  bridge  to  represent  the  resistances  corre- 
sponding to  each  one.     Make  a  rough   measurement   to  obtain  an 
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approximation  to  the  value  of  x.     Then  make  the  resistance  in  the 

arm  i/,  as  nearly  as  convenient,  equal  to  i /  -  ^^  +  ^^ .      jt  should  not 
»        r  -I-  jr 

be  less  than  this  quantity,  nor  larger  than  G-\-x. 

The  electro-motive  force  of  the  battery  should  be  as  great  as  is 
convenient,  compatible  with  safety  to  the  testing-set,  and  the  re- 
sistance of  the  exterior  circuit  as  small  as  possible.  Though  these 
conditions  are  theoretically  desirable,  they  can  be  attained  practically 
very  rarely,  and  only  within  the  middle  ranges  of  the  capacity  of  the 
testing-set.  If  manipulated  with  great  care  and  considerable  skill, 
the  ordinary  testing-sets  can  be  made  to  measure  a  thousandth  of 
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an  ohm ;  yet  they  are  hardly  reliable  to  so  small  an  amount ;  so,  if 
much  accurate  measurement  on  small  resistances  is  to  be  done,  re- 
course should  be  had  either  to  the  slide-wire  bridge  or  to  the  differ- 
ential galvanometer.  So  far  as  manipulation  is  concerned,  the  use 
of  the  slide-wire  bridge  is  precisely  the  same  as  the  common  Wheat- 
stone  pattern. 

367.    measurement  of  BeaUtanoe  by  Ofammeter  and  Difite«ntisl 
Qalranometer   has   already  been  described  in   the  account  of  lhe« 
instruments    in  Chapter  VI. 
266.    Besifltanoe    Heu- 
urement  b;  means  of  Volt- 
meter. —  To  measure  resist- 
ance by  means  of  a  voltmeter, 
the  apparatus  should  be  con- 
nected as  shown  in  Fig.  233, 
in  which  R  is  the  resistance 
to  be  measured,  E  the  bat- 
tery or  source  of  current,  V 
the  voltmeter,  and  r  a  known  re- 
sistance.     The  voltmeter  is  first 
connected  around  the  resistance  r. 
Suppose,  under  these  circumstan- 
ces, the  readings  of  the  voltmeter 
to  be  F  volts.     After  this  reading 
is  obtained,  the  voltmeter  should 
be  connected  in  a  similar  manner 
around    the    resistance    R    to  be 
measured.    In  the  latter  case,  sup- 
pose the  readings  on  the  voltmeter 
to  be   V  volts,  then,  — 
ns-s^-  V-  V'-Rr 

Olagnm  of  Snlitanct  Miamrgnitnt  wltli  '  -.•".'. 

By  this  method  the  measurement  made  by  the  voltmeter  is  the  fall  of 
potential  through  each  resistance.  As  the  electro-motive  force  is  sup- 
posed to  be  constant,  the  fall  is  directly  proportional  to  the  resistance 
268.  Besistance  Measurement  with  Volt  and  Ammeter.  — 
A  modification  of  the  preceding  method  may  be  made,  when  no  con- 
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venient  kflown  resistance  is  at  hand,  by  using,  in  place  of  the  known 
resistance,  an  ammeter  as  shown  at  A  in  Fig.  234.  In  this  method 
the  current  /,  flowing  in  the  circuit,  is  given  by  the  reading  of  the 
ammeter ;  while  the  fall  of  potential  E,  through  the  unknown  resist- 
ance, is  given  by  the  voltmeter.  Thus  two  elements  of  Ohm's 
formula  are  obtained,  from  which  R  may  be  readily  calculated. 
Thus: — 

R  =  ^.  (45) 

270.    Small  Besistance.  —  To  measure  very  small  resistances, 
the  method  indicated  by  the  arrangement  in  Fig.  235  is  to  be  used, 


fig.  285.     D/atroiK 


which  is  practically  the  same  as  in  the  preceding  instance,  except 
that,  owing  to  the  very  small  diflference  of  potential  to  be  estimated, 
a  milli-voltmeter,  mV,  must  be  substituted  for  the  voltmeter,  in 
order  to  obtain  readings  of  sufficient  accuracy.  A  battery  E,  or 
other  source,  supplies  requisite  current,  that  is  measured  by  the  am- 
"itter  A.  The  unknown  resistance  R  is  placed  in  series  with  the 
ammeter  and  battery.  The  milli-voltmeter  is  applied  to  the  points 
"  and  C,  between  which  lies  the  resistance  to  be  measured ;  the 


hyCoogle 
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reading  giving  the  fall  of  potential  between  B  and  C,  Care  should 
te  taken  to  make  good  contacts  at  B  and  C,  that  there  may  be  no 
■errors  from  loss  of  pressure  at  these  points,  and  the  reading  at  A 
and  «V  should  be  simultaneous.  A  very  essential  and  practical 
application  of  this  method  is  its  adaptability  to  the  measurement  of 
resistance  of  armatures  of  dynamo  machines.  For  this  measurement 
the  arrangement  shown  in  Fig.  236  should  be  adopted,  in  which  the 
miili-voltmeter  is  clamped  to  opposite  sections  of  the  commutator, 
■while  the  battery  and  ammeter  are  placed  in  series  with  the  same 
sections.     The  milH-voItmeter  should  be  connected  directly  to  the 


Ffq.  230.    MtUoil  of  Mtaturliij  Amatun  RnlttciKt. 

sections,  and  not  to  the  brushes,  to  avoid  introducing  the  error  of 
the  contact  resistance  of  the  brush, 

371.  High  BdBistajice.  —  For  measuring  high  resistance,  the 
connections  shown  in  Fig.  237  are  preferable.  In  this  case  the 
battery  E,  voltmeter  V,  and  key  K  are  so  arranged  that  the  resist- 
ance to  be  measured,  R,  may  be  either  included  or  excluded  from 
the  voltmeter  circuit.  For  measurements  of  this  kind,  as  high  an 
electro-motive  force  should  be  used  as  practicable,  it  being  under- 
stood that  in  any  event  the  potential  is  not  higher  than  the  highest 
reading  of  the  voltmeter.  With  this  arrangement,  supposing  .  w 
be  the  resistance  of  the  voltmeter,  two  measurements  are  made ; 
first,  with  the  switch  closed,  and  then  with  the  switch  open.    Sup- 
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pose  f  to  be  the  reading  with  the  switch  closed,  V '  that  with  the 


switch  open;  then- 


^.i^-^O. 


(46> 


27a.  A  very  convenient  application  of  this  method  of  measuring 
resistance  occurs  in  making  frequent  trials  of  the  insulation  of  high 
potential  circuits.  It  is  practical  to  make  such  tests  with  the  line  ia 
full  operation.     The  apparatus  should  be  arranged  as  shown  in  Fig. 


Va/wvw 


Fli.  237.    Mitlml  of  MtaaiitlBg  High 


238,  in  which  the  voltmeter  f  is  connected  first  from  one  main, 
and  then  from  the  other  main,  to  the  ground.  Under  these  circum- 
stances, if  V  equals  the  difference  in  potential  between  the  two  sides- 
of  the  line,  V  the  reading  between  either  side  ot  the  line  and  the 
ground,  and  r  the  resistance  of  the  voltmeter ;  then,  representing 
the  line  insulation  by  R,  its  value  is  given  by  the  equation  — 


^.riK=^. 


(47) 


278.  In  the  case  of  a  dead  ground,  V'=V,  and,  consequently, 
^  =  0.     In  case  there  is  no  current  in  the  main,  a  test-battery  may 


,y  Google 


312  THE  ELECTRICAL    TRANSMISSION  OF  ENERGY. 

be  added,  and  the  connection  made  first  to  one  side  of  the  circuit, 
and  then  to  the  other,  as  shown  in  Fig.  239. 

As  the  resistances  of  the  commercial  voltmeter  and  milli-voltmeter 


ri9.  3S8.    Diagram  of  tttkal  of  Maaairlng  li 


latlon  Kt'itanem. 


vary  from  a  fraction  of  an  ohm  to  upwards  of  a  megohm,  this  method 
may  be  used  with  great  convenience  and  accuracy  to  determine  all 
resistances  that  are  commonly  found. 


if  Tttt  for  Intulatlon. 


VIA.    Znauiatlon  BeoUtanoe  b;  the  Method  of  IktBs  of  Charge. 

—  If  a  condenser  of  a  known  capacity  be  charged  and  then  be 
allowed  to  dischai^e  through  a  resistance  for  such  a  period  of  time  as 
-will  not  completely  exhaust  its  charge,  and  then,  if  the  residual  charge 
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remaining  in  the  condenser  be  measured,  it  is  possible  to  calculate 
trom  the  charge  lost  the  resistance. 

To  put  this  method  into  practice  a  condenser  of  known  capacity 
having  anywhere  from  J  to  2  micro-farads  i^  charged  by  connecting 
it  with  a  battery  or  other  source  of  electricity.  The  terminals  of  the 
condenser  are  then  connected  to  the  re^tance  to  be  measured  and 
allowed  to  remain  in  contact  therewith  for  a  definite  number  of  seconds. 
When  this  time  has  elapsed  the  condenser  is  connected  to  a  galvanom- 


v<d^ 


eter  and  the  charge  remaining  in  it  measured  by  the  deflection  of 
the  needle.  The  diagram,  Fig.  240,  shows  the  connections  for  this  pur- 
pose. E  is  the  battery  of  any  convenient  electro-motive  force,  pref- 
erably about  100  volts.  Whenever  an  Edison  lighting  circuit  is 
convenient  it  forms  an  admirable  source  for  charging  the  condenser. 
G  is  the  galvanometer,  C  the  condenser,  R  the  cable  or  other  un- 
known resistance  to  be  measured.  By  means  of  the  key  the  battery 
is  connected  with  the  condenser  for  a  few  seconds.  By  throwing  the 
key  one  pole  of  the  condenser  is  then  connected  to  the  cable  and  the 
other  to  the  earth  {if  any  other  high  resistance  is  to  be  measured,  one 
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tenninal  of  the  condenser  is  connected  to  one  end  of  the  resistance 
and  the  other  tenninal  to  the  other  end).  The  condenser  is  then  allowed 
to  discharge  for  a  desirable  lengtn  of  time,  and  when  dus  time  has 
elapsed  a  second  throw  of  the  key  connects  the  condenser  to  the  gal- 
vanometer and  the  deflection  of  the  needle  is  observed.  Prior  to 
making  any  test  the  deflection  produced  on  the  galvanometer  by  the 
full  chai^  of  the  condenser  should  be  measured.  It  can  be  shown 
that  under  these  circumstances  the  resistance  is  given  by  the  formula 

In  this  expression  R  is  the  unknown  resistance,  t  is  the  time  in 
seconds  that  the  condenser  is  cormected  with  the  unknown  resistance, 

C  is  the  capacity  of  the  condenser  in  micro-farads,  and  log  -s  is  the 
common  logarithm  of  the  quotient  of  the  deflection  d  produced  by 
discharging  the  fully  charged  condenser  through  the  galvanometer 
divided  by  the  deflection  d'  obtained  after  the  condenser  has  been 
discharged  for  (  seconds  through  the  unknown  resistance.  The  best 
condenser  is  one  similar  to  that  shown  in  Fig.  218,  but  good  results 
can  be  obtained  by  using  the  common  paper  condenser  made  for  tele- 
phone stations.  Any  of  the  galvanometers  described  can  be  used, 
though  ballistic  instrument  is  the  most  accurate.  A  high  wound 
Weston  voltmeter  (25,000  ohms)  is  very  convenient  for  this  purpose. 

A  good  rubber-mounted  double  pole  switch  forms  an  excellent 
key,  so  that  the  whole  apparatus,  condenser,  voltmeter,  and  key  may 
be  placed  in  a  box  8  in.  wide,  3  in.  deep,  and  a  foot  long.  A  flexible 
cord  with  a  screw  plug  for  attaching  to  a  lamp  socket,  if  Edison  cur- 
rent is  available,  or  a  portable  chloride  of  silver  battery  of  seventy-five 
cells,  completes  the  outfit.  Theoretically  if  the  insulation  of  the  con- 
denser is  not  perfect  it  will  itself  lose  some  charge  during  the  time  it 
is  connected  with  the  resbtance  to  be  measured,  and  for  extreme 
accuracy  the  results  must  be  corrected  for  this  loss.  This  is  easily 
done  by  deciding  the  length  of  time  the  condenser  shall  be  connected 
with  the  cable,  and  measuring  the  deflection  A  after  the  condenser 
has  been  chafed  and  insulated  for  this  time,  thus  eliminating  all 
question  of  loss  of  charge. 

The  preceding  formula  is  not  difficult  to  solve,  but  a  graphical 
table  may  be  made  whereby  all  calculation  can  be  saved,  and  as  soon 
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as  the  deflections  are  read  from  the  galvanometer  the  resistance  in 
megohms  is  immediately  obtained.  Such  a  table  is  shown  in  Table  44 
(see  Pocket). 

DIRECTIONS  FOS  USIMG  TABLE. 

Divide  the  deflection  d,  given  by  the  galvanometer  with  the  con- 
denser fully  chafed,  by  the  deflection  A' ,  given  by  the  galvanometer 
after  the  same  condenser  has  been  connected  to  the  cable  for  i 
seconds.  If  this  quotient  is  less  than  5,  use  the  sheet  with  the  scale  A, 
in  the  left-hand  corner.  If  greater  than  5,  use  the  sheet  with  the 
scale  B,  in  the  lower  left-hand    comer.      On  the  left-hand  vertical 

scale  select  the  number  corresponding  to  the  quotient  -rj,,  and  from 
this  number  follow  a  horizontal  line  to  the  curve  marked  A.  Then 
follow  a  vertical  line  until  this  vertical  intersects  such  a  line  radiating 
from  the  comer  labelled  "capacity  factor"  as  beare  the  number  rep- 
resenting the  capacity  of  the  condenser  employed;  thence  follow  a 
horizontal  line  to  the  right  until  this  horizontal  line  intersects  such  a 
line  radiating  from  the  comer  marked  "time  factor"  as  bears  the 
length  of  time  (  that  the  condenser  was  allowed  to  remain  in  contact 
with  the  unknown  resistance.  Thence  follow  a  vertical  to  the  lower 
scale  reading  "  unknown  resistance  in  megohms."  The  method  of  usir^ 
the  table  with  the  scale  B  in  the  left-hand  comer  is  exactly  the  same. 
376.  Meaaurement  of  Iiine  BeaiBtanoe.  —  The  resistance  of 
lines  may  be  readily  measured  by  means  of  the  Wheatstone  bridge, 
under  either  of  the  following  three  methods: — 

1.  When  the  bridge  can  be  grounded  at  one  end  and  the  line  at 
the  other,  so  thoroughly  as  to  interpose  essentially  no  ground  resist- 
ance, and  when  no  earth  currents  interfere  with  the  measurement, 
good  results  can  be  obtained,  the  bridge  measurement  giving  directly 
the  desired  resistance. 

2.  When  a  second  wire  of  known  resistance  can  be  joined  from 
the  farther  end  of  the  wire  to  be  measured  and  returned  to  the 
bridge.  Under  these  circumstances,  the  resistance  given  by  the 
bridge  is  that  of  .iie  sum  of  the  two  wires,  from  which  that  of 
the  known  wire  must  be  deducted,  in  order  to  obtain  that  which 
is  unknown. 

3.  In  cases  where  three  wires,  X,  Y,  and  Z,  are  accessible,  all  of 
which  may  have  unknown  resistance.  X  and  Y  are  to  be  joined  at 
the  farther  end,  and  the  resistance  measured  on  the  bridge,  giving  an 
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amount  A.  X  and  Z  are  then  joined  in  a  similar  manner,  and  meas- 
ured, giving  a  resistance  B.  Y  and  Z  are  then  joined  and  measured, 
giving  resistance  C     Under  these  circumstances, 

A-  =  '^+^~^;  (49) 

r=^  +  ^~-^;  (50) 


r  ^B  +  C~A 


(61) 


876.  Measurement  of  Qround  Reaietanoe.  —  The  estimation  of 
ground  resistance  could  be  accomplished  similarly  to  the  determina- 
tion of  any  other  resistance,  were  it  not  for  the  fact  that  frequently 
earth  currents  from  extraneous  sources,  or  polarization  set  up  by  the 
ground  plates  themselves,  tend  to  vitiate  the  results.  If  these  per- 
turbating  causes  do  not  exist,  the  Wheatstone  bridge  may 'be  used, 
and  the  resistance  determined  in  the  usual  fashion.  If  two  wires 
can  be  obtained,  the  measurement  may  be  made  as  indicated  in  the 
preceding  paragraph.  If  the  earth  currents  are  reasonably  steady, 
an  approximation  to  the  true  quantity  may  be  obtained  by  making 
two  bridge  measurements ;  one  with  a  positive  and  the  other  with  a 
negative  current,  and  taking  the  mean  of  the  results.  Otherwise 
the  ground  may  be  treated  as  a  battery,  and  its  resistance  determined 
by  any  of  the  methods  for  measuring  battery  resistances. 

277.  Special  Methods  for  Besistanoe  Measurements.  —  The 
preceding  methods  for  the  determinations  of  resistance  are  adapted 
to  all  the  general  cases  that  will  fall  under  the  notice  of  the  elec- 
trical engineer.  For  certain  special  cases,  such  as  the  measuring  of 
galvanometer  resistance  and  internal  resistance  of  batteries,  or  other 
generators,  some  special  methods  are  more  expeditious  and  will  now 
be  noted. 

278.  Galvanometer  Besistanoe  by  Equal  Deflection  Method.  — 
Connect  up  galvanometer  G,  shunt  S,  known  resistance  r,  and  bat- 
tery E  of  so  low  internal  resistance  that  it  may  be  neglected,  as 
indicated  in  Fig.  241.  Note  the  deflection  of  G.  Now  remove  the 
shunt,  and  increase  rto  r',  a  second  known  resistance,  until  the  same 
deflection  is  given  by  the  galvanometer,  then  — 

G  =  SX^^^^.  (62) 
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This  test  is  most  accurately  made  by  adjusting  S,  the  resist- 
ance of  the  shunt  less  than  G ;  the  resistance  r  should  be  as''  large 
as  possible,  but  not  larger  than  — 

r'  being  the  largest  attainable  resistance.  Low  resistance  battery 
power  of  sufficient  quantity  should  be  provided  to  give  the  deflection 
as  nearly  as  possible  at  the  angle  of  maximum  sensitiveness. 

370.  0«lTanometer  Besistanoe  by  the  Wlieatetone  Bridge. 
Thomson  Method.  —  Arrange  the  apparatus  as  shown  in  Fig.  242. 
Vary  the  resistance  in  the  arm  a  or  d,  until  the  deflection  on  the 


galvanometer  G  remains  the  same,   whether  the  key  i   be   up  or 
down,  then  the  value  of  G,  the  resistance  of  the  galvanometer,  is  — 


aso.  This  test  has  the  merit  of  being  entirely  independent  of 
battery  resistance,  and  of  being  very  easily  made  To  attain  the 
greatest  accuracy,  a  should  be  about  one-tenth  of  G,  and  b  ten  times 
as  large  as  G.  Vary  d  until  it  is  nearly  correct,  and  then  change 
the  battery  power  so  that  the  final  deflection  shall  be,  as  near  as 
possible,  at  the  angle  of  maximum  sensitiveness  of  the  galvanometer. 
Adjust  d  till  the  deflection  remains  unchanged  on  pressing  the  key. 

281.  OalTanometer  Besistanoe  by  CondenseF.  —  The  connec 
tions  for  this  method  are  shown  in  Fig.  243,  in  which  G  is  the  gal 
vanometer,  C  the  condenser,  E  the  necessary  battery  furnished  witl; 
the  key  K,  and  S  a  shunt  that  can  at  pleasure  be  placed  around  the 
galvanometer.     The  condenser  is  charged  with  the  battery,  and  then 


,y  Google 


318  THE  ELECTRICAL    TRANSMISSION  OF  ENERGY. 

discharged  through  the  galvanometer,  giving  deflection  d.  The  con- 
denser is  again  charged  and  discharged  through  the  galvanometer, 
when  shunted  with  a  resistance  S,  giving  a  second  deflection  d\ 
then  —  _ 


J'- 

EGS 

G  +  S' 

d 

d'^ 

S 
G+S- 
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')■ 

If  5 
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so  that  d' 

-dji 

,  then  G 
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Fig.    34$.    Dlatram  ef  Oalaanomwtar  RttlitanBi  by  Ctninatr. 


282.  Measurement  of  Battery  BeaistEuace  by  Voltmeter,  — 
In  Fig.  244  are  given  the  connections  for  measuring  battery  resist- 
ance with  a  voltmeter.  Suppose  the  battery  to  have  an  electro-motive 
force  E.  K  is  an  appropriate  key, -and  r  a  suitable  known  resistance. 
When  the  key  K  is  open,  the  reading  on  the  voltmeter  indicates  the 
potential  of  the  battery.  Upon  closing  the  key  K,  the  voltmeter 
indicates  the  difference  in  potential  e  existing  between  the  ends  of 
the  resistance  r.  Under  these  circumstances,  the  resistance  R  of 
the  battery  is  found  from  the  equation,  — 


S-ri^^y  (66) 
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283.  Oalvanometer  Besistanoe  by  Deflection.  —  Connect  the 
galvanometer  to  be  measured  in  series  with  a  known  resistance  r,  as 
indicated  in  Fig.  232,  obtaining  the  deflection  d.  Replace  r  by  a 
second  known  resistance  r' ,  quite  different  from  r,  giving  a  second 
deflection  d' .  Then,  in  formula  (41),  substitute  r'  for  R,  and  solve 
for  the  value  of  G,  obtaining  — 


ff  = 


r'd'—rd 

d—d' 


(57) 


384.  Battery  Beaistance  by  De- 
flection. —  If  the  galvanometer  resist- 
ance be  known,  and  two  known  re- 
sistances are  at  hand,  the  preceding 
method  may  be  used  to  measure  bat- 
tery resistance.  The  connections  are 
made  as  already  described,  the  battery 
occupying  the  place  of  the  unknown 
resistance.  The  known  resistances  are 
successively  interposed  in  the  circuit, 
the  corresponding  deflections  obtained, 
and  the  necessary  substitution  made,  in 
formula  (41). 

2SS.  In  genera],  equation  (41),  in- 
volving six  variables,  of  which  two,  d 
and  d' ,  are  always  measurable,  may  be 
used  to  determine  any  one  of  the  re- 
maining four,  provided  the  other  three 
are  known,  or  may  be  neglected. 
386.  Battery  Besistance  by  Condenser.  —  One  of  the  best 
methods  for  the  measurement  of  battery  resistance  is  that  involving 
the  use  of  a  condenser,  for  the  reason  that,  while  the  connections  are 
simple,  the  battery  remains  almost  constantly  upon  open  circuit,  and 
is,  therefore,  free  from  errors  due  to  polarization.  The  connections 
are  shown  in  Fig.  245.  A  circuit  is  formed,  comprising  the  battery 
E,  the  resistance  of  which,  R,  is  to  be  measured,  the  condenser  C, 
the  galvanometer  G,  two  keys  k  and  H ,  and  a  known  resistance  r, 
arranged  to  shunt  the  battery.  These  are  connected  as  shown,  so 
that  by  depressing  the  key  k  the  condenser  may  be  charged  through 
the  galvanometer  G,  giving  a  deflection  d  on  the  galvanometer,  cor- 
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responding  to  E,  the  electro-motive  force  of  the  battery.  If  now, 
while  the  key  k  remains  closed,  the  key  k'  be  also  depressed,  the  bat- 
tery is  shunted  through  the  resistance  r;  the  potential  at  the  poles 
of  the  battery  falls  to  a  value  e  given  by  the  equation  — 


R^r 


(58) 


and  a  new  deflection  d'  in  the  contrary  direction  is  now  obtained  on 
the  galvanometer,  serving  to  measure  the  quantity  E—e.  As  the 
deflections  are  proportional  to  the  electro-motive  force,  — 


If  the  resistance  ris  so  arranged  that  d'  =  dl2,  then  R~ 


(60) 


Fig.  24B.    Batttrg  Rnlttatiet  bg  Conitnatr. 


387.  Battel?  Beeistance  by  Equal  I>6flectioD.  —  The  equal 
deflection  method  for  galvanometer  resistance  may  be  applied  to 
determine  battery  resistance.  The  connections  are  shown  in  Fig. 
241,  in  which  R  is  the  battery  resistance  to  be  measured,  S  a  shunt 
of  known  resistance  around  the  galvanometer  G,  and  known  resist- 
ance r  in  series  with  R  and  G.  The  circuits  being  connected  as 
indicated,  a  deflection  d  is  obtained  on  the  galvanometer.  5  is  then 
removed,  and  r  increased  to  r',  until  the  same  deflection  is  obtained. 


Then, 


Ji' 


r+G 


(61) 
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388.  5" should  not  be  less  than R\r  -\-  G should  not  be  larger  than 
sjGxiG-^r'),  r'  being  the  greatest  attainable  resistance.  The  de- 
flection should  be  arranged  to  fall  nearly  at  the  angle  of  maximum 
resistance  sensitiveness. 

388.  Measurement  of  Potential  Differences.  —  The  most  sim- 
ple method  of  measuring  potential  differences  is  by  means  of  a  volt- 
meter ;  the  instrument  being  directly  connected  to  the  poles  of  the 
generator,  and  the  reading  of  the  needle  indicating  at  once  the  de- 
sired voltage.  As  various  instruments  are  made  to  cover  a  range 
from  .00001  of  a  volt  to  10,000  volts,  they  are  amply  sufficient  for 
all  ordinary  practice. 

aeo.  In  the  case  of  the  Weston  instruments,  if  the  polarity  of 
the  generator  be  unknown,  the  instrument  may  also  serve  as  a  pole- 
finder  ;  for  if,  on  connecting  the  instrument,  the  needle  is  deflected 
toward  the  right,  the  binding-post  on  the  right  hand  is  the  pwsitive 
pole.  If  the  needle  should  be  deflected  entirely  across  the  scale, 
indicating  that  the  potential  difference  is  greater  than  the  instru- 
ment is  designed  to  measure,  it  is  advisable  to  use  one  having  a 
greater  range.  Yet,  at  the  same  time,  by  introducing  an  additional 
resistance  into  the  voltmeter  circuit,  a  reasonable  approximation  to 
the  correct  voltage  may  be  obtained.  For  example  :  supposing  volt- 
meter reading  to  150  volts  be  the  only  one  at  hand,  and  it  is  desired 
to  measure  in  the  neighborhood  of  600  volts. 

Let  £=the  greatest  number  of  volts  to  be  measured. 

Let  e  =  highest  reading  on  the  scale  of  the  instrument  at  com- 
mand. 

Let  r  =the  resistance  of  this  instrument,  and 

JE  =  the  additional   resistance   necessary  to  make  it  read  E 
volts,  then  — 

R  =  r^~'  .  (62) 

Under  these  circumstances,  when  R  ohms  are  added  to  the  voltmeter 
circuit,  the  readings  on  the  scale  of  the  instrument  must  be  multi- 
plied by  the  factor  Eje. 

3-1.  It  is  seldom  possible  to  add  the  exact  quantity  R  ohms  to 
the  voltmeter  circuit.  Supposing  R  ohms  to  be  the  nearest  approxi- 
mation to  R  that  can  be  secured'  then  the  scale  readings  of  the  volt- 
meter must  be  multiplied  by to  give  correct  values. 
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992.  Measurement  of  Electro-Motive  Force.  The  Condenser 
Method.  —  The  arrangement  of  the  apparatus  for  measuring  elec- 
tro-motive force  by  the  condenser  method  is  indicated  in  Fig.  246,  in 
which  G  is  the  galvanometer,  E  the  battery,  or  generator,  to  be 
measured,  e  the  standard  cell  with  which  comparison  is  to  be  insti- 
tuted, C  the  condenser,  and  S  a  shunt  around  the  galvanometer. 
This  method  consists  in  charging  a  condenser  having  a  capacity  of 
about  one-tenth  microfarad,  by  means  of  the  standard  cell,  and  then 
discharging  it  through  the  galvanometer,  and  noting  the  deflection  d. 
The  condenser  is  now  to  be  charged  by  the  generator  whose  electro- 
motive force  is  to  be  measured,  and  again  discharged  through  the 
galvanometer. 

A  second  deflection  d'  is  obtained,  the  deflections  being  propor- 
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tional  to  the  electro-motive  forces  producing  them  ;  and  if  m  be  the 
multiplying  power  of  the  shunt. 


298.  Measurement  of  Bleotro-motlve  Force.  Wheatstone's 
Method.  —  The  standard  cell  e  is  to  be  joined  in  series  with  a  galva- 
nometer and  any  known  resistance,  giving  a  convenient  deflection  d. 
The  resistance  is  now  to  be  increased  by  an  amount  r  ohms,  and  a 
second  deflection  d'  is  obtained.  The  generator  to  be  measured  is 
now  substituted  for  the  standard  cell,  and  the  resistance  of  the  cir- 
cuit so  adjusted  that  the  deflection  d  is  repeated.  Additional  resist- 
ance, r'  ohms,  is  now  added  to  the  circuit,  until  the  deflection  d'  is 
again  obtained.  Under  these  circumstances,  the  relative  electro- 
motive forces  are  directly  proportional  to  the  additional  resistances 
required  to  repeat  the  deflections,  — 
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The  first  resistance  should  be  as  large  as  convenient ;  and  the  added 
resistance  should  be  about  double  the  original  in  order  to  get  the 
best   results. 

394.  Lumsden's  Method.  —  Join  the  standard  cell  e  and  the 
generator  to  be  measured,  E,  with  the  galvanometer  G  and  the  resist- 
ance r'  and  r,  as  shown  in  Fig.  247. 


^fg.  347.    Cmatetleiu  for 


Adjust  r  until  no  deflection  : 
Under  these  circumstances, — 


observed  on  the  galvanometer. 


£-~^.  (66) 

385.    Ueasurement  of  Current  Strength.  —  To  measure    the 
amount  o£   current  flowing   in   a  given   circuit,  the  direct   reading 


rig.  24a.    Maamnmtnt  if  Cvrrtat  by  Uwntad  Ammrtir. 

amraeter  forms  the  most  convenient  instrument.  Current  strength 
is  measured  by  interpolating  instruments  directly  in  the  circuit,  the 
readings  on  the  ammeter  giving  the  volume  of  current. 

see.  If  the  volume  of  current  be  too  great  for  the  instrument  at 
hand,  there  are  three  method.s  for  making  the  requisite  measurements. 
A  circuit  may  be  arranged  as  shown  in  Fig.  248,  in  which  the  am- 
meter forms  a  shunt  in  connection  with  another  circuit  r.     Under 
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these  circumstances,  knowing  the  resistance  r,  and  the  resistance  of 
the  ammeter,  which  is  always  to  be  found  marked  upon  the  case, 
containing  the  instrument,  the  quantity  of  current  flowing  through 
the  two  branches  of  the  divided  circuit  can  be  readily  calculated  by 
the  formula  for  divided  circuits,  and  the  total  current  obtained  by 
adding  the  respective  quantities  found  in  the  branches.  Suppose  an 
ammeter  having  a  maximum  reading  of  "a"  amperes  is  required  to 
read  to  A  amperes ;  let  r  be  the  resistance  of  the  instrument,  r' 
the  resistance  of  the  shunt  to  be  added ;  then,  — 


The  scale  reading  must  be  multiplied  by  Ala. 

As  ammeters  are  always  very  low  resistance  instruments,  great 
care  must  be  taken  to  determine  accurately  the  multiplying  power 
of  the  shunt,  and  particular  pains  taken  to  see  that  no  unknown  or 
variable  resistance  is  introduced  in  the  various  contacts. 

2&7.  Measurement  of  Current  Stren^rth  by  Voltmeter.  —  If 
the  total  resistance  of  the  circuit  or  any  portion  of  it  be  known, 
the  measurement  of  the  current  strength  may  be  made  by  means  of 
a  voltmeter.  If,  for  example,  the  terminals  of  a  voltmeter  be  con- 
nected across  a  circuit  including  a  known  resistance  of  r  ohms  and 
a  reading  of  V  volts  be  obtained,  two  quantities  in  the  general  equa- 
tion of  Ohm's  law  are  given,  from  which  the  current  strength  may 
be  calculated.  By  this  method  very  large  currents  may  be  measured 
by  the  use  of  the  milli-voltmeter.  For  this  purpose  arrange  a  circuit 
as  shown  in  Fig.  235,  containing  a  copper  bar  or  strip,  the  resistance 
of  which  is  known  or  can  be  approximately  calculated. 

The  terminals  of  the  milli-voltmeter  are  to  be  applied  to  two 
points  of  the  strip,  and  the  fall  of  potential  taken  by  means  of  the 
milli-voltmeter  between  these  two  points. 

Supposing  the  conductor  to  have  a  resistance  of  r  ohms,  and  the 
reading  of  the  milli-voltmeter  to  be  £"  volts,  the  strength  of  the 
current  /  will  be  — 

7=— .  (67) 

The  objection  to  this  method  lies  largely  in  the  diiBculty  in  deter- 
mining the  resistance  of  the  part  of  the  circuit  included  between  the 
terminals  of  the  milli-voltmeter. 
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208.  Measurement  of  Current  Strength.  Differential  Gal- 
vanometer Method. — In  one  half  of  a  differential  galvanometer 
G,  Fig.  249,  is  placed  a  standard  cell  e,  and  known  resistance  r. 
KnoAving  the  electro-motive  force  of  the  cell,  and  the  resistance  g 
of  one  half  of  the  galvanometer,  and  r  the  resistance  of  the  rest  of 
the  circuit,  the  current  flowing  may  be  calculated.  The  current  to 
be  measured  is  now  passed  through  the  other  half  ^'  of  the  galva- 
nometer, and  r  varied  to  r' ,  until  the  needle  remains  at  zero.  If  the 
two  coils  of  the  differential  galvanometer  have  equal  resistance,  the 
value  of  the  unknown  current  is  given  by  equation  (68). 

Should  the  two  sides  of  the  galvanometer  be  unequal,  the  pre- 
ceding result  must  be  multiplied  by  the  ratio  of  the  two  sides.  This 
ratio  may  be  determined  by  passing  the  current  from  the  standard 
cell  simultaneously  through  both  halves  of  the  instrument,  and  vary- 
ing the  resistance  of  the  respective  circuits  until  equilibrium  is  pro- 
duced. The  desired  ratio  is  then  evidently  the  ratio  between  these 
resistances.  If  the  unknown  current  is  very  large,  a  shunt  may 
be  placed  in  this  circuit  and  the  multiplying  power  introduced  in 
equation  (68). 

28B.  Slide-Wire  Method.  —  In  Fig.  250,  AB  is  a  wire  of  known 
resistance  per  unit  of  length,  with  a  slide  at  B.  The  current  to  be 
measured  is  passed  through  this  wire  in  a  direction  BA.  The  galva- 
nometer standard  cell  and  slide-wire  are  joined  as  indicated,  so  that 
the  electro-motive  force  of  the  standard  cell  will  oppose  that  of  the 
current  to  be  measured.  The  slide  is  then  moved  until  the  gal- 
vanometer remains  at  zero.  Under  these  circumstances,  /  =  -  (69), 
r  being  the  resistance  of  AB,  and  e  the  electro-motive  force  of  the 
standard  cell. 

800.  Measurement  of  Eleotrostatic  Capaoitr.  —  The  most  ac- 
curate and  convenient  method  of  measuring  electrostatic  capacity  is 
to  compare  the  unknown  capacity  to  be  estimated  with  that  of  a 
standard  condenser.  The  arrangement  of  the  circuits  are  given  in. 
Fig.  251. 

Supposing  the  capacity  to  be  measured  is  that  of  a  cable,  the 
apparatus  is  so  arranged  that  either  the  condenser  or  cable,  by 
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means  of  a  double  key,  may  be  charged  from  the  same  battery,  and 
discharged  through  the  galvanometer.  Under  these  circumstances, 
the  relative  capacities  are  proportional  to  the  deflections  produced 
on  the  scale  of  the  galvanometer.  These  deflections  must  be  multi- 
plied by  the  proper  factor  in  case  the  galvanometer  is  shunted  to 
bring  the  readings  within  the  limit  of  the  scale. 

801.  If  a  Ballistic  galvanometer  be  employed,  the  scale  readings 
can  be  used  without  correction.  If  an  ordinary  galvanometer  is  used, 
or  one  in  which  provision  is  made  for  checking  the  motion  of  the 
needle,  a  correction  for  the  errors  thus  introduced  must  ^  be  made. 
This  correction  may  be  obtained  by  observing  the  first  swing  of  the 
needle  to  the  right,  giving,  for  example,  a  deflection  d' ,  then  the 
second  swing  also  to  the  right,  giving  the  deflection  d" .  The  true 
deflection  on  the  scale  is  ob- 
tained from  the  equation 


</=rf'+! 


'  —  H" 


(70)- 
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fij.  352.     Dlogram  of  Cli 


a\^  Should  the  deflections  given  by 
the  discharge  of  the  cable  and 
that  of  the  standard  condenser 
Mfiimd.  be  sensibly  equal,  no  correction 
is  needed.  In  cases  where  the 
cable  or  line  to  be  measured  is  very  long,  or  has  very  large  capacity, 
it  will  not  discharge  itself  instantly  ;  and  one  of  the  succeeding  meth- 
ods must  be  employed  in  place  of  the  above.  It  is  also  customary, 
in  order  to  obtain  uniform  results,  to  allow  the  electrification  by 
the  battery,  both  of  the  condenser  and  that  of  the  capacity  to  be 
measured,  to  proceed  for  a  certain  definite  length  of  time,  usually 
for  one  minute. 

Soa.  Thomson's  Method.  —  The  connections  for  Thomson's 
method  for  estimating  capacity  are  shown  in  Fig.  252. 

The  resistances  of  two  adjacent  branches  of  a  Wheatstone  bridge 
are  replaced  by  the  capacity  x  to  be  measured  on  one  side,  and  a 
standard  condenser  of  appropriate  capacity  C  on  the  other,  while  the 
remaining  arms  a  and  ^  are  wired  as  in  the  cut.  These  capacities 
are  then  charged  from  the  same  battery  during  the  same  time,  and 
are  then  simultaneously   discharged   through   the  galvanometer    by 
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means  of  an  appropriate  key.  When  the  resistances  a  and  b  are  so 
-adjusted  as  to  produce  equilibrium,  and  the  galvanometer  indicates 
jio  deflection,  then 

*  =  ^.  (71> 

in  which  x  is  the  capacity  to  be  measured,  and  a  and  b  the  known 
resistance  of  the  bridge-arms. 

808.  Gott's  Method.  —  The  method  here  indicated  is  in  some 
cases  more  convenient  to  apply.  The  capacity  to  be  measured 
and  the  standard  condenser  C  are  mounted  in  series,  as  shown  in 
Fig.  253,   arranged  so  that  they  may  be  charged  from  the  battery 
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E  by  means  of  the  key  K',  and  discharged  through  the  galvanometer 

by  the  key  K,  The  resistances  a  and  b  are  adjusted  until  no  deflec- 
tion is  obtained  on  the  galvanometer  by  closing  the  key  K.  Under 
these  circumstances,  using  the  preceding  notation,  — 

(72) 


_Ca 


For  these  two  methods  it  is  advisable  that  the  standard  con- 
denser and  the  capacity  to  be  measured  should  have  the  same  di- 
electric, as  otherwise  the  different  rate  of  absorption  of  different 
dielectrics  may  cause  error. 

804.  Divided  Charge  Method.  —  If  a  charged  condenser  be 
attached  to  a  second  condenser  having  no  charge,  the  charge  which 
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is  in  the  first  condenser  will  distribute  itself  between  the  two  in  pro- 
portion to  their  relative  capacities.  Thus,  if  a  standard  condenser 
containing  a  known  charge  be  placed  for  a  few  seconds  in  communi- 
cation with  a  capacity  to  be  measured,  and  then  if  the  residual 
charge  in  the  standard  condenser  be  determined,  the  unknown 
capacity  can  be  calculated.  Thus,  if  C  be  the  charge  in  a  con- 
denser of  a  capacity  C  which  is  connected  to  an  unknown  capacity 
C",  the  quantity  C"  which  will  remain  in  C  will  be  — 

c"  =cx  ^'~S" ■  0^) 

306    The  Localization  of  Faults.  —  Three  kinds  of  faults  are 

likely  to  occur  in  electrical  lines :  — 

First.  —  The  conductor  under  consideration  may  be  broken  and 

entirely  insulated  from  the  other  conductors  and  from  earth.  Under 
these  circumstances,  the  resistance 
of  the  wire  is  infinite,  or  is  equal  to 
the  original  insulation  of  the  circuit. 
If  the  previous  capacity  of  the  line  is 
known,  the  localization  of  the  fault 
may  be  determined  by  measuring  the 
capacity  of  the  wire ;  that  is  to  say, 
the  capacity  from  the  testing-station 
to  the  point  of  rupture  of  the  con- 

ng.  2S4,    Diagram  of  SlatlVt  Matliad.  '^  '^ 

ductor.  If  the  line  is  one  having 
considerable  capacity  per  unit  of  length,  so  that  slight  changes  in 
length  give  rise  to  relatively  large  variations  in  capacity,  this  method 
of  localization  has  a  fair  degree  of  accuracy. 

306.  Second.  —  If  the  faulty  conductor  is  either  crossed  with  a 
neighboring  conductor,  or  with  the  earth,  so  that  the  fault  has  ^essen- 
tially no  resistance,  it  is  comparatively  easy  to  locate  its  position  by 
measuring  the  resistance  of  the  conductor  to  the  point  of  the  cross. 
If  the  original  resistance,  or  resistance  per  unit  of  length,  be  known, 
the  localization  of  the  fault  becomes  a  mere  matter  of  proportion 
between  the  measured  resistance  and  that  per  unit  of  length. 

307.  Third.  —  Faults  with  resistance.  Most  frequently,  how- 
ever, considerable  resistance  is  encountered  at  the  fault  itself ;  and  in 
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order  to  locate  the  position  of  the  fault,  some  method  must  be 
devised  either  to  eliminate  or  to  measure  this  amount.  Blavier's 
method  is  shown  in  Fig.  254,  in  which  A  is  the  testing-station,  B 
the  end  of  the  line,  F  the  fault  having  a  resistance  R,  and  x  and  y 
the  respective  resistances  of  the  segments  into  which  the  fault 
divides  the  line.  The  operation  consists  in  measuring  the  resistance 
from  A,  when  B  is  insulated,  being  the  resistance  of  the  part  of  the 
line  X  plus  the  resistance  R  of  the  fault,  giving  a  quantity  — 

:r  +  J  =  .ff'. 
The  end  of  B  is  then  grounded  or  connected  to  a  return  conductor, 
and  a  second  measurement  taken,  giving  a  quantity,  — 

Also  it  is  essential  to  know  the  original  resistance  of  the  line,  — 

Prom  these  three  equations  the  value  of  x  can  be  calculated,  and  is 
•hown  to  be  given  by  the  equation  — 

x-R"—  y/iJ?  -  J?")  (/("'  —  Jf") ;  (75) 

Mid  ^  =  R"'  -J?"  +  -yiJf  —  R")  {R"'  —  R").  (76) 

808.  The  Overlap  Method.  —  A  convenient  modification  of 
the  foregoing  method  may  be  employed  when  the  measurements  can 
be  made  from  each  end  of  the  faulty  line.  Under  these  circum- 
stances, A  measures  when  B  is  insulated,  and  B  measures  when  A  is 
insulated.  In  the  latter  case,  when  B  insulates,  a  measurement  from 
Agivas-  ,  +  ^_^. 

When  B  measures,  A  insulating,  — 

y  +  R  =  R",  and 

X  +  y  =  R"',  the  original  resistance. 
Then  the  value  of  -r  is  found  from  equation  — 

The  location  of  faults  existing  in  submarine  cables  presents  problems 
of  peculiar  diificulty,  owing  to  the  fact  that  the  rupture  of  the  cable 
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usually  admits  sea-water  to  the  interior,  thus  allowing  a  saline  solu- 
tion to  come  in  contact  not  only  with  the  core,  but  with  the  sheath 
of  the  cable,  thus  forming  a  battery  that  is  capable  of  giving  quite  a 
perceptible  current  in  the  core  of  the  cable.  Many  ingenious  and 
successful  methods  have  been  presented  for  the  determination  of 
faults  of  this  kind,  for  full  description  of  which  the  reader  is  referred 
to  works  particularly  devoted  to  the  subject  of  electrical  testing. 

809.  Loop  Test.  Murray's  Method.  —  When  both  ends  of 
the  faulty  conductor  are  accessible  to  the  same  testing-station,  as,  for 
example,  a  cable  on  reels,  or  if  another  perfect  conductor  can  be 
obtained  for  testing-purposes,  the  loop-test  forms  one  of  the  most 
accurate  and  convenient  of  methods.      The  connections  should  be 
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Fig.  259.    Circuits  for  Vartft 


made  as  shown  in  Fig.  255,  in  which  a  and  b  are  the  arms  of  a 
bridge  at  the  testing-station  ;  F  the  location  of  the  fault ;  and  x  and 
y  represent  the  respective  resistances  of  the  segments  into  which  F 
divides  the  conductor  from  c  and  E  (the  ends  of  the  bridge-arms)  to 
the  fault,  c  F  is  the  faulty  conductor,  and  EP  the  perfect  one 
looped  with  it.  AB  and  AE  are  adjusted  until  equilibrium  is 
attained,  then  — 

by  =  ax.  ^jgy 

Assume  R  to  be  the  total  resistance  of  the  loop,  then  — 

Ji  =x  +yzndj'  =  Jf  —  x, 
substituting  this  value  of  y  in  equation  (79),  and  solving  for  x,  — 

'-rh-  <»> 


,Google 


332  THE   ELECTRICAL    TRANSMISSION  OF  ENERG  Y. 

b  and  a  should  be  made  as  high  as  possible  to  give  great  range  of 
adjustability.  A  heavy  battery  should  be  employed,  especially  if 
the  fault  has  high  resistance.  The  galvanometer  should  have  a 
resistance  of  not  more  than  five  times  that  of  the  circuits  under 
test. 

Slo.  Varlev  Method. — ^This  is  a  modification  of  the  preced- 
ing loop-test,  of  which  the  connections  are  shown  in  Fig.  256.  In  the 
diagram  BC,  BA,  and  AE  are  the  respective  arms  of  the  bridge, 
having  the  resistances  a,  b,  and  d,  corresponding  in  notation  to  Fig. 
201;  a  and  b  are  the  fixed  resistances  of  the  bridge,  while  d  is  the 
variable  arm.  F  is  the  location  of  the  fault,  while  x  and  y  are  respec- 
tively segments  of  the  line  extending  from  E  and  C.  The  resistance 
oi  X  -\-  y  —  R  is  sapposed  to  be  known.  The  variable  arm  d  is 
adjusted  until  the  galvanometer  indicates  equilibrium. 

a:b::y:{d  +  x)-, 

x  =  ^  —  d,  also,  y  =  Ii~x; 


Lacatlim  of  a  Crtui. 


311.  To  attain  the  greatest  accuracy,  a  should  be  as  small  as 
possible,  but  not  less  than 

Gx 
G  +  x' 

b  should  be  so  high  that  when  </  is  a  single  unit  out  of  balance  there 
will  be  a  perceptible  movement  of  the  needle. 

812,  Localization  of  Grosses.  —  To  localize  the  position  of  a 
cross  between  two  lines,  the  following  method  is  sometimes  conven- 
ient. Arrange  connections  between  the  lines,  as  shown  in  Fig.  257, 
in  which  AB  and  CD  are  the  crossed  lines.  Adjust  the  arms  of 
the  bridge  a  and  b  and  the  resistance  r  to  produce  equilibrium. 
'W.GT,  x -ir  y  =  br  I  a.  (83) 

S13.  Rearrange  the  apparatus,  making  connections  as  indicated 
in  Fig.  258,  by  placing  the   battery  between  A  and  the  junction  of 
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the  bridge-arms,  without  making  other  changes,  then  ax  =  by,  when 
/■  =  0.     From  these  two  equations 


-  br 


r+b 


(84) 


Fit-  2SB.    Diagram  far  tlH  Lotatlan 


314,  Meaauremente  of  Coeffloients  of  Induotanoa  —  The  de- 
termination of  the  coefficients  of  inductance  may  be  easily  made  . 
by  means  of  a  Wheatstone  bridge, 
a  condenser,  and  a  variable  non- 
inductive  resistance.  The  appa- 
ratus should  be  mounted  as  shown 
in  Fig.  259,  in  which  A  and  B  are 
the  constant  arms  of  the  bridge, 
R  the  variable  arm,  S  the  variable 
non-inductive  resistance,  and  R'L 
the  inductance  to  be  measured,  of 
which  R'  is  its  ohmic  resistance  to  a  continuous  current,  while  C  is  a 
condenser  placed  as  a  shunt  across  the  arm  of  the  bridge,  in  which 
S  and  R'L  are  inserted  in  series.  The  object  of  S  is  to  bring  the 
capacity  required  to  balance  the  inductive  resistance  within  reason- 
able limits.  The  balance  is  obtained  by  adjusting  the  mutual  values 
of  C,  S,  and  R  until  no  deflection  is  produced  on  the  galvanometer 
when  the  battery  circuit  is  inter- 
rupted. Under  these  circum- 
stances, if  A  and  B  are  equal,' 
the  value  of  L  is  found,  from 
the  expression  L  =  CR"^  (84),  in 
which  R"  is  equal  to  the  sum  of 
5  and  R'. 

SIB.  The  value  of  this  method 
may  be  extended  over  greater 
ranges  by  giving  A  and  B  any 
desired  ratios,  as  in  ordinary 
bridge  measurements.  The  aux- 
iliary resistance   5  is  required  to 

adjust  the  capacity  within  reasonable  values  to  balance  the  induc- 
tance.    If,  for  example, 

L  has' a  value  of  .4  Henrys, 
R  has  a  value  of  10  Ohms, 
C  must  be  equal  to  .01  of  Z,  or  4000  M.F. 


fig.  tee.    ClrculU  for 
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Such  a  capacity  would  be  beyond  ordinary  apparatus.  By  in- 
creasing R  to  1000  ohms  by  the  addition  of  the  adjustable  resistance 
S,  C  becomes  equal  to  .4  M.F.,  an  easily  obtainable  capacity. 

316.  Tbe  Meaeuremeiit  of  Self-Inductance  with  an  Altematine 
Current  of  Eiiown  Period.  —  When  an  alternating  current  of  known 
frequency  can  be  obtained,  the  determination  of  the  coefficients  of 
inductance  may  be  made ;  the  apparatus  needed  being  an  alternating 
current  dynamometer,  a  direct  current  ammeter,  and  a  non-inductive 
resistance  of  known  value.  These  instruments  are  all  set  up  in  series 
with  the  generator,  in  such  a  way  that  the  current  of  known  fre- 
quency may  flow  through  the  inductive  resistance  to  be  measured, 
and  the  known  resistance.  The  direct  current  ammeter  should  be 
provided  with  a  switch  whereby  it  may  be  short-circuited  at  pleasure. 
The  necessary  measurements  then  consist  in  measuring  the  fall  of 
potential  with  the  alternating  current  dynamometer  around  the  induc- 
tive resistance  of  which  the  inductance  is  desired,  and  also  around 
the  non-inductive  resistance.  A  continuous  current  is  then  substi- 
tuted for  the  alternating  current  ;  the  amount  of  continuous  current 
being  varied  until  the  dynamometer  gives  the  same  fall  of  potential 
across  the  known  non-inductive  resistance  as  was  obtained  in  the 
first  measurement.  The  amount  of  the  continuous  current  is  then 
obtained  by  reading  the  ammeter ;  and  a  measurement  of  the  fall  of 
potential  across  the  inductive  resistance,  when  supplied  with  a  contin- 
uous current,  is  made  with  the  dynamometer.  The  first  and  second 
dynamometer  readings  E  and  E'  across  the  terminals  of  the  induc- 
tive resistance  give  two  E.M.F.s,  the  first  of  which  is  required  to  over- 
come the  ohmic  resistance  plus  the  inductance,  while  the  second  is 
that  required  to  overcome  the  ohmic  resistance  only.  Knowing  the 
amount  of  current  /,  in  the  second  observation,  and  the  frequency  n, 
in  the  first,  the  value  of  L  is  determined  from  the  expression  — 


V        2ir«J 


(85) 

817.  This  method  is  subject  to  error,  due  to  the  current  taken 
by  the  dynamometer,  which  must  be  of  sufficiently  high  resistance 
as  to  be  negligible  in  comparison  with  the  resistance  to  be  measured. 

318.  Meaaurement  of  Mutual  Inductance. — The  preceding 
method  may  be  employed  to  measure  the  coefficient  of  mutual 
inductance  M,  of  two  coils.     Let  R^  and  R^  be  the  respective  ohmic 
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resistance  of  the  coils,  and  Z.,  and  Zj  the  respective  coefficients  ot 
inductance.  First  connect  the  two  coils  in  series,  and  measure  the 
total  inductance  by  the  above  method,  obtaining  a  value  denoted  by 
U .  Then  connect  the  coUs  in  opposition,  and  again  measure  the 
total  inductance,  and  denote  the  quantity  thus  obtained  by  L" .  It 
can  be  shown  that  l'  ^l^j^l^^^M, 
also,  L"  M=Zi  +  Zt  —  2M; 

hence,  M  =^'  ~^" .  (86) 


318.  Meaettrement  of  Mutual  Indnotanoe.  — To  detennine  the 
mutual  inductance  of  two  coils,  a  circuit  should  be  arranged,  as  indi- 
cated in  Fig.  260,  in  which  the  first  coil  A  is  placed  in  series  with 


for  MtoMurlnj  Mutual  le 


the  key  K,  and  the  battery  P,  and  resistance  R,,  while  the  second 
coil  B  is  placed  in  series  with  the  galvanometer  G  and  the  resistance 
Rj.  Between  the  points  a  and  </  a  condenser  C  is  placed  as  a  shunt. 
The  other  extremities  ir  and  c  of  the  resistances  R,  and  R,  are  placed 
in  series.  Opening  and  closing  the  key  K  produces  induced  currents 
in  the  coil  B,  giving  deflections  on  the  galvanometer  which  are  pro- 
portional to  M—CRyR^i.  By  varying  the  capacity  of  the  con- 
denser, different  deflections  are  obtained,  which  have  the  following 
relation : 

(87) 


M—  CRxRt  -^~  C'RiRj 

d  4' 


in  which  C  and  C  are  the  different  condenser  values,  and  d  and  d' 
the  different  corresponding  deflections,  from  which  the  coefficient  M 
is  obtained  by  equation  — 

M=  CRxR,.  (88) 

when  d  reduces  to  zero. 
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MEASUREMENTS    ON    ALTERNATING    CURRENT    CIRCUITS. 

Sao.  Measurements  of  PotentiaL  —  Measurements  of  potenti.i) 
upon  alternating  current  circuits  may  be  readily  made  by  means  uf 
hot  wire  voltmeters,  Siemens  dynamometers,  or  electrostatic  volt- 
meters. With  the  electrostatic  instruments  sufficient  range  can 
usually  be  obtained  so  that  pressure  determinations  on  any  ordinary 
alternating  circuits  may  be  made  directly  by  interpolating  the  volt- 
meter across  the  circuit.  With  the  Siemens  dynamometers  or  the 
Cardew  voltmeters,  the  instruments  rarely  have  sufficient  range  to 
permit  of  a  direct  determination ;  and  recourse  is  usually  had  to  the 
method  of  using  a  small  step-down  transformer,  by  means  of  which 
the  voltage  of  the  circuit  is  reduced  in  proportion  to  the  ratio  of  the 
windings  of  the  transformer.  Under  these  circumstances,  to  obtain 
the  actual  voltage  of  the  circuit,  it  is  necessary  to  multiply  the  read- 
ings of  the  voltmeter  by  the  ratio  of  transformation. 

831.  Measurement  of  Current.  —  The  determination  of  current 
quantity  may  be  made  upon  alternating  circuits  by  means  of  a 
Siemens  dynamometer,  a  Thomson  balance,  or  other  instruments 
of  similar  construction  and  based  upon  parallel  principles.  The 
operation  consists  in  inserting  the  measuring  instrument  directly  in 
the  circuit,  and  obtaining  the  desired  readings.  In  measurements 
of  this  kind,  as  well  as  those  described  for  obtaining  the  pressure  of 
the  circuit,  the  readings  of  the  instruments  indicate  what  is  termed 
"the  effective  current,  or  potential,"  being  the  square  root  of  the 
mean  square  of  the  instantaneous  values  of  current  or  pressure. 

923.  Measurement  of  Power.  —  The  method  to  be  used  in 
determining  the  power  transmitted  by  an  alternating  circuit  depends 
upon  whether  the  circuit  under  examination  is  inductive  or  non- 
inductive.  In  the  case  of  non-inductive  circuits,  it  is  simply  neces- 
sary to  measure  the  virtual  pressure  and  virtual  current,  as  already 
described,  taking  the  product  of  these  two  quantities  as  the  amount 
of  power  transmitted.  When  the  inductance  of  the  circuit  is  con- 
siderable, the  power  measurements  may  be  made  with  an  electro- 
dynamometer,  either  of  the  Siemens  or  the  Kelvin  type  —  the  coarse 
wire  coils  being  connected  in  series  with  the  circuit,  while  the  fine 
wire  is  placed  across  the  mains.  Under  these  circumstances,  to 
secure  accuracy,  the  following  conditions  dre  essential :  — 
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First.      The    ratio   of   the   inductance  of  the  instrument   to  its 

resistance  must  be  very  small. 
Second.  The  period   of  vibration   of   the  movable  coil  must  be 
very  great  compared  with  the  period  of  the  circuit. 
Third.    When  an'  auxiliary  transformer  is  used  for  reducing  the 

voltage,  the  current  required  for  the  fine  wire  coil 

must  be  very  small. 

328.  Power  Measurement  by  Two  Voltmeters.  —  Messrs. 
Ayrton  &  Sumpner  are  the  authors  of  the  following  method  for  the 
measurement  of  power  of  an  alternating  current  by  the  employment 
of  two  voltmeters  and  a  non-inductive  resistance.  .The  circuit  is 
arranged  so  that  the  inductive  resistance  of  the  circuit  and  the  non- 
inductive  resistance  "r"  are  placed  in  series  with  each  other.  Then, 
by  means  of  two  voltmeters,  the  fall  of  potential  across  the  inductive 
resistance  e^ ,  and  across  the  non-inductive  resistance  ^^ ,  is  measured. 


i:^: 


fit.  201.    nnt-*mmtl»r  MttHwl. 

The  total  fall  across  both  resistances  is  also  measured  and  denoted 
by  e. 

The  f)0wer  transmitted  by  the  circuit,  denoted  by    W  watts  is 

then.—  ^_^._^» 

(V  = ^ is- .  (89) 

824.  Method  employing  Three  Ammeters.  —  J.  A.  Fleming  is 
authority  for  measuring  the  power  in  an  alternating  circuit  by  the 
employment  of  three  ammeters,  as  arranged  in  the  accompanying 
illustration,  Fig.  261-  The  inductive  resistance  is  supposed  to  be 
placed  at  MN,  and  the  known  non-inductive  resistance  r,  while  the 
ammeters  are  shown  at  A|,  A,,  A^  The  reading  of  the  ammeters 
gives  three  currents,  from  which  the  power  in  watts,  represented 
by  iV,  is  obtained  from  the  formula,  — 

ff=^(A'- /»*-/,')•  (90) 
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Measurements  on  Polyphase  Current  Circuits. 

826.  Diphaae  Gironita. — Case  1.  —  To  determine  the.  power 
transmitted  by  diphase  circuits,  two  conditions  must  be  considered. 

First.  —  Circuits  containing  four  wires.  Under  these  circum- 
stances, each  circuit  may  be  measured  separately  and  entirely  inde- 
pendent of  the  other  circuits,  and  the  results  considered  either 
alone  or  in  conjunction  with  the  results  obtained  from  the  second 
circuit. 

Second.  —  Three  wires  with  a  common  return. 

To  determine  the  power  delivered  by  such  a  circuit,  two  watt- 
meters are  necessary,  and  should  be  placed  with  the  coarse  wires  in 
series  with  the  separate  parts  of  the  component  circuits,  while  the 
fine  wire  is  placed  across  the  common  return  and  each  of  the  exterior 

836.  Triphase  CiurentB.  —  Measurements  upon  triphase  cir- 
cuits for  current  and  potential  may  be  made  in  the  same  manner  as 
described  for  ordina.ry  alternating  circuits.  To  determine  the  power 
delivered  by  a  triphase  circuit,  three  cases  must  be  considered. 

327.  Case  1.  —  Where  the  circuits  supply  non-inductive  resist- 
ance without  current  lag.  Under  these  circumstances,  the  power 
is  equal  to  VS  times  the  product  of  the  current  intensity  in  each 
circuit,  multiplied  by  the  effective  difference  of  potential  between 
the  wires.  This  method  holds  good  indifferently,  whether  the 
arrangement  of  circuit  is  the  star  or  the  triangle  method. 

828.  Case  2.  —  Case  of  equal  lag  and  equal  current.  One  watt- 
meter is  arranged  with  its  coarse  wire  in  series  on  one  of  the  circuits ; 
and  two  readings  are  made  with  the  fine  wire  successively,  between 
the  circuit  under  measurement  and  each  of  the  other  branches.  The 
sum  of  the  results  thus  obtained  is  the  total  power  transmitted. 

329.  Case  3,  — The  general  method  for  any  current  and  any  lag. 

Two  wattmeters  are  employed,  arranged  with  the  coarse  wires  in- 
serted in  two  of  the  three  circuits  and  the  fine  wires  placed  respect- 
ively between  the  third  circuit  and  the  other  two.  The  sum  of  the 
readings  thus  obtained  gives  the  total  power  transmitted  by  the 
circuit. 

330.  Eeotrical  Railway  Teetinff.  —  By  means  of  the  foregoing 
methods  the  electrical  engineer  will  be  able  to  make  such  selection 
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as  to  enable  him  to  thoroughly  investigate  the  electrical  properties 
of  any  ordinary  line  construction.  No  data  or  methods  are  given, 
either  for  the  examination  of  dynamo  machinery  or  for  the  determi- 
nation of  special  factors,  being  beyond  the  scope  of  this  volume. 
There  remains,  however,  the  special  case  of  electric  railway  testing, 
which,  having  chiefly  for  its  object  the  determination  of  the  electrical 
properties  of  the  conducting  system,  necessarily  embraces  within  the 
measurements  made  for  this  purpose  a  large  amount  of  data  appli- 
cable to  ascertaining  the  performance  of  the  car-motors  and  the 
general  in  g-station.  A  necessary  adjunct  to  the  examination  of  an 
electric  railway  plant  is  a  reasonably  accurate  plan  and  profile  of  the 
entire  line.  If  not  already  in  existence,  a  transit  survey  may  be 
rapidly  made  with  sufficient  accuracy,  covering  from  ten  to  twenty 
miles  per  day's  work.  The  tangents  may  be  run  out  with  great  rapid- 
ity by  stadia  measurements,  the  location  and  amount  of  all  gradients 
being  simultaneously  determined  by  means  of  a  grade-screw  on  the 
vertical  circle  of  the  transit.  The  curves  may  be  rapidly  located  by 
chord  deflections.  A  testing-car  should  now  be  provided,  which 
should  be  equipped  with  the  following  instruments  :  an  integrating 
wattmeter,  a  Weston  voltmeter,  ammeter,  and  milli-voUmeter,  a  Beyer 
speed  recorder,  a  revolution  counter,  a  stop-watch  reading  to  quarter 
seconds,  and  a  gong.  A  separate  observer  should  be  provided  for 
each  instrument,  with  appropriate  note-books  having  numbered 
lines,  so  that  all  observations  may  be  correlated  by  corresponding 
numbers.   As  far  as  possible  recording  instruments  should  be  used. 

The  instruments  may  all  be  appropriately  arranged  on  the  car- 
seats,  being  protected  as  much  as  possible  against  jarring  by  extra 
cushions  and  rubber  springs.  The  voltmeter  and  ammeter  are  intro- 
duced in  the  motor  circuit,  so  as  to  measure  the  amount  of  current 
and  pressure.  The  wattmeter  is  similarly  introduced,  in  order  to 
integrate  the  total  energy  expended.  The  general  connections  of 
these  instruments  are  indicated  in  Fig.  262. 

The  speed  counter  is  to  be  connected  to  the  driven  axle  of  the 
car,  provided  only  one  motor  is  used ;  or  if  the  car  is  a  double  motor 
equipment,  one  may  be  temporarily  thrown  out  of  service.  The 
object  of  the  counter  is  to  determine  the  number  of  revolutions  of 
the  car-wheel,  that,  being  multiplied  by  the  wheel  circumference, 
■will  give  accurately  the  distance  traveled  by  the   car.     Indeed,  so 
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accurate  is  this  method  of  measuring  that  repeated  trials  over  a  six- 
mile  stretch  of  road  have  checked  within  an  error  of  fifteen  feet.  It 
is  obvious  that,  to  prevent  error,  the  counter  must  be  attached  to 
a  driven,  not  a  driving  axle.  The  Boyer  speed-recorder  may  be 
attached  to  the  same  axle,  and,  being  a  self-recording  instrument, 
may  be  placed  in  charge  of  the  same  observer  who  records  the 
counter.  The  instruments  being  in  readiness,  the  car  is  arranged 
to  start  from  one  end  of  the  line,  one  of  the  observers  being  detailed 
to  strike  the  gong  at  the  instant  each  line-pole  passes  the  center  of 


TonoLLrr 


Rf,  2ez    Diagram  of  OInailti  in  Tntlat-Car. 


the  car.     At  each  gong-stroke  each  observer  records  the  reading  of 
his  particular  instrument. 

831,    The  records  will  then  show  readings  corresponding  to  suc- 
cessive points  along  the  line,  as  marked  by  each  pole,  consisting  — 


1st. 


3d. 


Time  in  seconds  4th. 

Voltmeter  5th. 

Ammeter  6th. 


Wattmeter 

Revolution-counter 

Pole  number 


On  the  conclusion  of  the  run,  the  information  from  each  of  these 
records  should  be  plotted  as  a  curve  upon  the  sheet  of  profil^paper 
containing  the  plan  and  profile  of  the  road,  as  developed  from  the- 
previously  mentioned  surveys. 


,y  Google 


METHODS  OF  ELECTRICAL  MEASURBSfENT. 


341 


882.  Coiitem,;oraiieou8ly  with  the  trip  of  the  inspection-car,  sta- 
tion voltmeter  readings  should  be  obtained,  either  by  a  self-recording 
instrument,  or  by  five-second  interval  observations.  These  should 
likewise  be  plotted  as  a  curve  on  the  profile-sheet.  The  line  should 
now  be  short-circuited  at  the  extreme  end,  through  sufficient  resist- 
ance not  to  overload  the  generator,  but  yet  to  permit  a  heavy  current 
to  pass  through  all  the  wiring,  and  the  inspection-car  again  sent 
over  the  road,  hauled  by  horses,  so  that  the  car  will  take  no  current. 
During  this  trip  voltmeter  readings  should  be  made  at  each  pole, 
together  with  a  repetition  of  the  station  voltmeter  observations. 
These  readings  should  likewise  be  plotted  on  the  profile-sheet. 
From  this  test,  the  behavior  of  the  line  under  a  steady  load  may  be 


contrasted  with  previous  curves  of  variable  load.  During  this  trip 
the  milli-voltmeter  should  be  connected  with  the  fore  and  aft  wheels 
of  the  car.  Then  the  readings  of  the  instrument  will  indicate  the 
fall  of  potential  in  the  rails  in  each  car-length,  affording  a  ready 
means  of  detecting  any  discontinuity  in  the  return  current,  such  as 
poor  bonding,  etc, 

888.  The  examination  may  now  be  completed  by  measuring  from 
the  station  the  insulation  and  conductivity,  jointly  and  separately, 
of  the  ground  return  feeder  system  and  trolley  wire.  This  is  best 
accomplished  by  stringing  a  test-wire  of  about  No,  14  or  16  gauge 
parallel  with  all  the  lines,  and  arranging  the  stations  and  testing- 
instruments  as  in  Fig.  263.  By  this  means,  the  line  resistance,  as 
well  as  the  ground  resistance,  can  be  separately  determined.  A  care- 
ful consideration  and  comparison  of  the  curves  to  be  developed  from 


,y  Google 


342  THE  ELECTRICAL    TRANSMISSION  OF  ENERGY. 

this  information  will,  from  a  maintenance  standpoint,  be  richly  re- 
warded ;  for  in  this  way  only  is  it  practicable  to  so  thoroughly  and 
carefully  adjust  the  conducting  system  of  a  railway  line  to  the  load- 
ing thrown  upon  it,  as  to  secure  a  proper  distribution  of  energy  with 
reference  to  the  demands  introduced  by  grades,  curves,  variation  in 
moving  load,  and  the  demands  caused  by  the  stopping  and  starting 
of  the  cars,  in  order  that  the  line  and  station  shall  work  together 
harmoniously  in  the  endeavor  to  attain  a  maximum  efficiency. 

884.  The  Gapaolt;  of  Aerial  Lines.  —  Though  the  preceding 
methods  are  applicable  to  the  determination  of  electrical  quantities 
under  all  circumstances,  when  applied  to  the  measurement  of  trans- 
mission lines,  special  precautions  have  sometimes  to  be  taken,  The 
capacity  of  an  aerial  line  is  a  difficult  quantity  to  measure,  for  the 
reason  that  lines  of  this  kind  are  ^ 

usually  not  highly  insulated,  and 
for  this  reason  will  discharge  them- 
selves in  an  extremely  short  period 
of  time.  It  is  possible,  however, 
to  obtain  quite  accurate  results  for  yMi 
aerial  line  capacity  by  arranging 
the  circuits  as  shown  in  Fig.  2&4, 
in  which  AB  is  a  lever  pivoted  at 
C,  that  by  means  of  spring  r  is 
kept  constantly  in  contact  with  the 
terminal  a  of  the  battery  key  M. 
The  line  L  is  brought  to  the  center  of  this  lever  at  C.  A  second 
key  K  is  mounted  in  series  with  the  galvanometer,  the  depression  of 
which  makes  contact  with  the  lever  AB  at  B.  It  is  apparent  that 
the  action  of  this  key  is  to  open  the  battery  circuit  and  close  the 
galvanometer  circuit,  approximately,  at  the  same  instant.  The  line 
is  charged  for  one  minute  by  closing  the  battery  key  M.  Then,  by 
depressing  the  key  K,  the  battery  circuit  is  opened  and  the  line 
circuit  closed  through  the  galvanometer  at  the  same  instant.  The 
readings  of  the  galvanometer,  in  comparison  with  those  of  a  stan- 
dard condenser,  by  any  of  the  methods  already  given,  furnish  the 
necessary  data  for  calculating  the  line  capacity.  This  galvanometer 
reading,  however,  must  be  corrected  for  two  errors. 

336.    First.  —  It  is  usually  found  that  different  readings  are  ob< 
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tained  when  the  line  is  charged  with  a  positive  current  than  when 
it  is  charged  with  a  negative  current.  This  difference  is  owing  to 
the  presence  of  the  earth  currents,  which  always  manifest  themselves 
upon  aerial  lines  of  any  magnitude.  Two  deflections,  therefore,  ob- 
tained with  currents  of  different  sign,  will  differ  by  an  amount  due 
to  the  presence  of  such  a  foreign  current.  The  deflections,  therefore, 
must  be  corrected  by  subtracting  or  adding  to  the  galvanometer  read- 
ing obtained  by  the  battery  discharge  the  amount  of  deflection  due 
to  the  earth  current.  This  correction  may  be  readily  obtained  by 
closing  the  galvanometer  key  with  the  battery  key  open  for  a  few 
moments,  and  reading  the  deflection  given  by  the  earth  current. 

886.  Second. — The  deflection  obtained  upon  the  galvanometer 
is  not  exact,  unless  the  opening  of  the  battery  circuit  and  the  closing 
of  the  galvanometer  circuit  occur  at  mathematically  the  same  instant ; 
and  the  apparatus  can  rarely,  if  ever,  be  adjusted  to  accurately  accom- 
plish this.  Therefore,  usually  the  battery  is  short-circuited  through 
the  galvanometer  for  a  very  short  interval  of  time.  To  determine 
the  value  of  the  error  thus  introduced,  substitute  for  the  line  L  three 
standard  condensers,  the  capacities  of  which  are  known  quite  accu- 
rately to  be  in  the  ratio  of  li,  2,  and  4,  and  by  closing  the  key  K, 
measure  the  galvanometer  deflections  obtained  with  these  conden- 
sers in  the  place  of  the  line,  exactly  in  the  same  way  as  the  line 
measurement  is  made.  If  the  source  of  error  alluded  to  does  not 
exist,  the  following  relation  would  be  true :  — 
d'  d"_  _  d'" 
1^^   2  4  ' 

in  which  d',  d",  d'",  are  the  respective  deflections.  If  equality  does 
not  exist  in  the  above  equation,  the  following  relation  evidently  will 
hold,  — 


in  which  x  is  such  a  quantity  as  will  satisfy  the  equation.  From  the 
known  value  of  the  standard  condensers  with  which  these  readings 
are  made,  it  is  possible  to  calculate  the  value  of  x,  and  thus  deter- 
mine the  error  introduced  by  the  momentary  short-circuiting  of  the 
battery  through  the  galvanometer.  Having  obtained  this  figure  with 
standard  condensers,  it  may  be  applied  to  correction  of  the  galva- 
nometer reading,  as  obtained  from  the  experiments  upon  the  line. 
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837.  An  example  may  perhaps  raider  the  subject  more  dear. 
Suppose  an  aerial  line,  when  tested  with  a  positive  current,  to  give 
a  deflection  of  73  divisions  on  the  galvanometer  scale,  and  with  a 
negative  current,  of  113  divisions,  also,  that  the  deflection  due  to 
earth  current  is  found  to  be  20  divisions.  The  true  deflection  on  the 
galvanometer  evidently  then  should  be  (/=  73  +  20  =  113  — 20=93, 
the  earth  current  evidently  opposing  the  positive  current.  To  intro- 
duce the  second  correction,  assume  three  condensers,  having  the 
ratios  of  Ij,  2,  and  4,  to  give  on  the  galvanometer  scale  deflections 
of  72,  88,  152.  In  order  that  the  three  numbers  representing  the 
deflections  shall  stand  in  the  same  ratio  as  the  capacity  of  the  con- 
densers, it  is  necessary  to  subtract  from  each  one  24,  Correcting 
the  line  galvanometer  de- 
flection by  the  same  num- 
ber, the  value  of  69  re-  ■ 
mains  as  the  true  deflec- 
tion. 

838.  The  capacity  of 
aerial  lines  in  reference 
to  the  earth,  as  usually 
measured,  is  considerably  f\ 
greater  than  that  which 
would  be  theoretically  in-  cfn*«/brtt.* 
dicated.  To  account  for 
the  discrepancy  between  the  measured  figures  and  those  given  by 
theory,  it  is  usually  assumed  that  the  insulators,  poles,  and  cross- 
arms  possess  a  sensible  capacity  which  is  inevitably  measured  in 
all  trials  made  upon  aerial  lines.  Confirmation  of  this  hypothesis  is 
obtained  in  the  fact  that  in  dry  weather  the  line  deflection  falls,  and 
agrees  much  more  closely  with  the  results  indicated  by  theory. 

339.  The  luductanod  of  Aerial  Lines.  —  The  estimation  of  the 
inductance  of  aerial  lines  may  be  made  by  any  of  the  methoi^s  given ; 
those  that  employ  the  Wheatstone  bridge,  as  indicated  in  Fig.  265, 
being  particularly  convenient.  The  two  parts  of  the  line  L  and  L' 
arc  looped  into  the  station,  L  being  connected  to  AB,  one  of  the 
bridge^arms,  and  C  connected  to  AC,  the  other.  In  the  line  L  the 
variable  resistance  r,  and  variable  condenser  c  are  arranged,  while 
the  contact  a  represents  the  slide  of  the  bridge,  as,  for  this  experi- 
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ment,  a  slide-wire  bridge  is  a  convenient  piece  of  apparatus.  After 
adjusting  a  to  obtain  a  balance  for  constant  current,  the  capacity  of 
the  condenser  c  is  increased  or  diminished,  until  the  needle  of  the 
galvanometer  remains  at  zero  tm  interruption  of  the  current.  The 
inductance  of  the  line  is  then  given  by  the  expression,  L=cr'*.  (91) 
840.  It  must  not  be  forgotten  that  the  line  itself  has  always 
a  capacity ;  so  from  the  above  expression  the  true  inductance  of  the 
line  is  not  obtained,  but  a  quantity  equal  to  Z.—  i  CR\  in  which  R 
is  the  resistance  and  C  the  capacity  of  the  line  itself.  To  demon- 
strate this,  suppose,  in  Fig.  266,  the  two  parts  of  the  line  to  be 


Fit.  3M,    Olasnan  of  Unt  Capaaltn. 

represented  by  AC  and  AjCi ,  and  assume  the  line  to  be  divided  into 
«  equal  parts,  AB,  BC,  etc.,  and  A,B,,  BiC,,  etc  At  each  section  . 
of  the  line  imagine  a  small  condenser  to  be  placed,  whose  capacity 
£i  £j  etc.,  is  the  capacity  of  the  section  under  consideration.  Repre- 
sent the  resistance  of  each  section  by  p,  and  the  capacity  of  the  con- 
denser at  each  point  by  <f>.  The  condenser  c,  placed  across  the  points 
AA|  acts  as  an  inductance  of  the  value  —  * «'  p ' ;  the  next  con- 
denser c,  at  BB,  acts  as  an  inductance  of  the  value  — ^(«— l)*p', 
and  so  on  for  all  the  «  sections  into  which  the  line  is  divided.  All 
■of  the  condensers  are  equivalent  to  an  inductance  of  the  value 
—  ^p'(i.+2'+&'+.  .  .  .  +(«-l)HA  but  the  sumof  thesquares 
of  the  numbers  from  1  to  »  is 

6  ' 

and  the  value  of  the  inductance  equivalent  to  the  condensers  is 
«(«  +  l)(2«-H) 


As  ^  =  —  ,  and  p~  —  , 

the  preceding  expression  becomes 

»(.  +  l)(2»  +  l)^jp 
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and  consequently  the  capacity  of  the  line  acta  as  an  inductance  of 
the  value  —  \  CR^.  Consequently  the  true  value  of  the  inductance 
of  the  tine  is  obtained  by  adding  to  the  value  of  Z,  as  given  in  equa- 
tion (91),  the  value  of  the  negative  inductance  due  to  capacity,  or 
L  =  cf^-\-kCR*.  (92) 

C  and  R  being  measured  by  any  desired  method. 

341,  Measurement  of  Mutual  tnduotaooe  on  TraasmisBion 
Lines.  —  To  estimate  mutual  inductance  on  a  pair  of  lines,  the  appa- 
ratus should  be  arranged  as  shown  in  Fig.  267,  in  which  L  is  the 
primary  or  inducing  line,  and  L'  the  circuit  in  which  inductance  is  to 


^.     ^ult    -»       * 


^-o^    \b 


fit.  367,    Circuit  for  MtaMurlng  MutMOl  Indaelane*  on  Atrial  Unu. 

be  measured.  By  means  of  the  key  K  the  primary  line  L  is  earthed 
through  the  resistance  R  ;  an  electrical  impulse  is  sent  through  this 
line  from  the  battery  P  that  produces  inductive  effects  on  the  other 
line  U.  The  grounds  rr,,  as  well  as  the  earths  at  the  remote  ends 
of  the  lines,  must  be  entirely  separate  from  each  other.  The  deflec- 
tion produced  on  the  galvanometer  by  the  mutual  inductance  of 
the  lines,  and  the  charge  of  the  condenser  C,  is  proportional  to 
M—CRR,  C" being  the  capacity  of  the  condenser,  R  the  resistance 
of  the  rheostat,  and  R'  that  of  the  line  L'.  By  adjusting  the 
rheostat  and  condenser  till  no  deflection  is  observed,   . 

M  =  CRR'.  (93) 

As  earth  currents  are  likely  to  give  much  trouble  in  obtaining  the 
final  balance,  a  small  battery  /,  with  an  adjustable  shunt,  may  be 
placed  in  L',  and  arranged  to  neutralize  such  disturbances. 
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CHAPTER   XI. 

O0MTINUOU8  ODHHBMT  OOia>nOTOR& 

THE  CAFACmr   OF  CONDUCTOXS. 

Art.  34a.  Oondnotora.  —  When  a  quantity  of  positive  electricity 
is  placed  upon  any  perfectly  insulated  body,  it  occupies  for  the  first 
infinitesimal  period  of  time,  a  small  surface  immediately  surrounding 
the  point  of  contact,  and  raises  the  potential  of  this  surface.  Very 
rapidly,  however,  the  charge  distributes  itself  over  the  entire  sur- 
face ;  bringing  every  point  thereof  to  the  same  potential.  As,  by 
hypothesis,  the  body  is  perfectly  insulated,  this  distribution  of  the 
charge  can  only  take  place  by  a  passage  of  Electric  Energy.  The 
property  thus  possessed  by  all  substances  to  pennit  with  varying 
degrees  of  rapidity  the  transfer  of  electrical  enei^  is  called  con- 
ductivity. 

S43.  In  some  materials  the  distribution  of  the  charge  takes 
place  almost  instantaneously,  while  for  others  an  extremely  long  time 
is  required.  Good  conductors  are  those  which  permit  the  distribu- 
tion of  the  charge  to  take  place  with  great  rapidity,  while  those 
requiring  a  greater  length  of  time  are  called  poor  conductors,  or 
insulators.  If  the  substance  under  consideration  is  in  the  form  of  a 
wire,  one  end  of  which  is  maintained  at  a  higher  potential  than  the 
other,  a  continual  passage  of  electrical  energy  will  take  place  from 
the  end  having  the  higher  potential  to  that  which  is  lower.  This 
condition  once  established,  the  quantity  of  electricity  stored  on  the 
surface  of  the  wire  remains  uniformly  distributed,  and  evidently  a 
steady  flow  or  current  takes  place. 

344.  From  experiment  it  is  ascertained  that  wires  of  different 
material,  of  the  same  geometrical  dimensions,  submitted  to  the  same 
differences  of  potential,  transmit  very  different  quantities  of  electricity 
during  the  same  interval  of  time.  The  quantity,  therefore,  of  elec- 
tricity which  one  substance,  under  precisely  similar  conditions,  is 
able  to  transmit,  compared  with  that  of  another,  is  a  measure  of  its 
conducting  power. 
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84B.  Besistanoe:  Ohm's  Law. — Let  £  be  the  difference  of 
potential  maintained  between  the  extremities  of  a  conductor,  and  / 
the  intensity  of  the  current  ;  that  is  to  say,  the  quantity  of  electri- 
city that  passes  any  given  cross-section  in  successive  equal  intervals 
of  time ;  if  ^  is  the  resistance  of  the  conductor,  then  — 

I=~,  ■*""7"'  Jii=E.  (94) 

With  a  given  difference  of  potential  E,  I  decreases  directly  in  pro- 
portion as  R  increases,  and  also  with  a  definite  resistance  R,  I  is 
directly  proportioned  to  E.  This  is  the  famous  law  of  Dr.  Ohm,  that 
thus  unites  by  an  algebraic  equation  the  three  most  important  elec- 
tric quantities.  Be  it  noted,  however,  that  Ohm's  formula,  in  this 
form,  applies  to  steady  and  continuous  currents  only. 

346.  The  resistance  ^  of  a  conductor  depends  not  only  upon 
the  material  used,  but  also  uj)on  its  geometrical  dimensions.  It  is, 
therefore,  possible  to  express  the  resistance  of  any  conductor  as  a 
function  of  its  geometrical  magnitudes,  and  of  a  coefficient  depend- 
ing upon  the  physical  constitution  of  the  material  employed.  Dr. 
Ohm,  further,  established  the  proposition  that  the  resistance  of  any 
conductor  is  inversely  proportioned  to  the  cross  section  S,  measured 
normal  to  the  direction  of  the  current,  and  directly  projMJrtioned  to 
the  length  /  of  the  conductor,  and  to  a  coefficient  p,  which  he  de- 
nominated the  specific  resistance  of  the  material.     Thus,  algebraically, 

K-lL.  (96) 

The  geometrical  dimensions  being  easily  ascertained,  it  is  sufficient 
for  the  purposes  of  calculation  to  know  p  for  the  materials  under 
consideration.     Substituting  in   (94),  — 

i-f-  (»' 

If  p,  /,  S,  and  E  are  constant,  Sj  I  gives  the  current  density  per 
unit  of  area  of  the  cross-section  of  the  conductor, 

S47.  Speoiflo  Resiatanoe.  —  The  resistance  offered  by  a  unit 
volume  of  any  substance,  as  compared  with  the  resistance  of  a  unit 
volume  of  any  other  substance,  selected  as  a  standard,  is  termed 
"  Specific  Resistance."  As  the  metal  silver  has  the  least  resistance 
of  any  now  known,  or  in  other  words  is  the  best  conductor,  it  is 
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usually  selected  as  the  standard.  In  English  measures  the  cubic 
inch  is  the  volume  adopted  for  comparison,  while  in  the  C.  G.  S. 
system  the  cubic  centimeter  is  used.  Thus  the  absolute  resistances 
of  various  substances  would  be  the  opposition  offered  per  cubic  inch 
or  cubic  centimeter,  while  the  specific  resistance  is  the  ratio  of  the 
absolute  resistance  to  the  absolute  resistance  of  silver.  The  value 
of  the  absolute  and  specific  resistances  of  the  chief  metals  will  be 
found  in  Table  No.  45.     For  wire  work  the  resistance  of  a  graim 

Table  No.  45. 

ObemliMUr  snro  MaUla  tiMnsad  in  Order  of  InereaalnK  Bei1«t>iice  for  Uw  Swna 
.  Ii«ncth  and  8«ctloiial  Are&. 


Nam  or  Mn-*i, 

Resistance  in  Miciiohhs 

AT  0*  CiMTIGEADE. 

Resistance 

Cubic 

Cubic 

t.OM 

wee 

2.IM 
S.8IS 

s.sie 

Vaxi 
15.21 

i9.e3 

H.30 

M.31 
131,8 

0.S292 

o.eu3 

2.216 
3J»5 

s.siii 

4J07 
5.202 

.   1.738 

9.603 

IXHS 

1.0§S 
1.369 
1.389 

3.T« 

6.4eo 

T.228 
S.285 

13.l» 
13.93 

5S.S0 
S2.T3 

Copper,  Mn«l«l 

aiTH,  hatd-diawD 

Copper,  h«d^inwii 

Gold,  hud-dnn 

Goliril-.r  ilW  (3  M.gold,  1  oi.  lU™). 
Nickel,  mnMlcd 

OI.  ulvet),  hudorunialed     .    .    . 

foot,  or  the  resistance  of  a  wire  weighing  one  grain,  and  one  foot  in 
length,  and  also  the  resistance  of  a  mil  foot,  or  the  resistance  of  a 
wire  one  mil  (tAt  of  si  inch)  in  diameter,  and  one  foot  long,  are 
convenient  working  quantities.  Table  No.  46  supplies  this  data  for 
the  most  common  metals  and  alloys,  giving  also  the  values  of  the 
gramme-meter,  and  millimeter-meter. 

348.  It  should  be  carefully  noted  that  different  specimens  of 
apparently  chemically  pure  metal  give  different  resistance,  that  can 
only  be  accounted  for  on  the  supposition  that  the  varying  processes 
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Table  No.  46. 

n-toot,  KU-foot,  Onmn: 


is  Sir 


I  foot  lou, 
Indiliidik- 


'  "iJhi'nT 


Cupper,  aanealed  •    . 
Cof^r,  huti-drava  . 


Gold,  haid-dnwi 


0.Z1S0 


Gold-^TCr  iIIdj  (2  «.  gold, 
T«r),  lurd  or  vuwalcd  - 


eCJT 

M.O 

1134 

140.70 
TW.3 

B7i3 


0.403B 
0.41M 


o.oisie 


nblfl  of  Vmlnoi  baasd  upon  MatthlcMen'i  Oonvot  SUtictord. 


UuiMcnen'i  Sondud  H*(CT.tniDiiw,  hard  . 


CuWmc 

timeter.tard 

.    .      .000001683 

Cubic-« 

.   .    xnoooiait 

Specific 

ciliUnce  Di  hifd  copper  ( 

mh 

ctnl. 

-  104  (C.  G.  S.  udu) 

Specific 

e>i>u>i)ce  of  Mft  copper  (1 

cenii 

^lG9e<C.  G.  S.oidU). 

Mitlhleii 

k:.!'.  Sui.d^id.pecificp> 

tTl 

hini 

RhUdm 

■e  of  hard  copper  Ul-nae 

UIU 

Italn 

»flcopp«. 

Retlilu 

nei  Llut  of  hud  copper. 

niu. 

B.  A.imit  ii  equal  to  .»e99  Lcpl  oh 

ou. 

of  manufacture  produce  corresponding  inequality  in  molecular  struc- 
ture, sufficient  to  account  for  these  discrepancies.  Even  with  pure 
specimens,  in  special  cases,  a  variation  of  16  per  cent  in  the  same 
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metal  tested  at  the  same  temperature  has  been  noted.  In  ordinary 
commercial  products  the  range  of  variation  may  naturally  be  still 
greater. 

849.  Bffeot  of  Temperature.  —  Specific  resistances,  also,  are 
functions  of  temperature.  For  pure  metals,  the  resistance  increases 
as  the  temperature  is  augmented.  The  formula  representing  the 
effect  of  temperature  may  be  written  — 

.ff,=^,(l  +  a/  +  ^,  (97) 

in  which  R,  is  the  final  temperature,  R,  the  temperature  at  which 
the  specific  resistance  is  originally  measured,  and  a.  and  ^  are 
coefficients  denoting  the  function  of  the  specific  resistance  and 
temperature.  For  any  purpose  but  the  most  exact  calculation,  the 
approximation,-  ^,_^.(i+^),  (99) 

is  amply  sufficient.  The  values  of  these  coefficients  are  shown  in 
Tables  Nos.  47  and  48.  For  copper,  formula  (97)  becomes  (approxi- 
mately)— j¥,  =  jp,  (1  +  .00387  /   +  .00000597/").  (99) 

Table  No.  47. 

Tklne  of  >  and  |t  m  Formula  R,  -  jP,  (1  +  o/  +  |»^). 


D>SC<UPT>OI( 

pMbtau. 

- 

i» 

Pu     M  ul> 

+  (W)OC01 

+o.oooooi!e 
-o.mwoaws 

-0.000000386 

+  0.000000101 

Gennuillnr     ...'.!! 

Table  No.  48. 

Value  of  a  m  TMmute  A  =  /■,  (1  + 


M.TAU. 

• 

MrrALS. 

• 

SUnr 

COPP" 

Gold 

Aluminum     .    .  >. 
Plalinan   .... 

Iron 

Tin 

L«d 

o.sn>no-* 

OJM.'IO-' 
OJ05>'10-' 

o,a47"io- 

0.«3xlO-' 

o.awxio-' 

0.387  xl0-> 

Bismuth     .... 

Alloy  2  Pi.  *  I  Ag. 
lAu.^lAg. 

GeimuiUnr    .    . 

0.38S               >tlO-' 
0.354                  »  10- 

0,02!  B  0031  »  10- • 

o.ow          mo-* 

0.133               xlO-» 
0,OM.oOJ)MK10-' 
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8B0.  It  is  often  desirable  to  know  the  temperature  variation  of 
copper  over  comparatively  wide  ranges.    Table  49  shows  the  n 
of  copper  per  mil-foot  as  calculated  by  Dr.  F.  A.  C.  Perrine. 


Table  No.  49. 

H— Irtantie  of  1  lOMtoat  of  Copper  Win  at  SUTan 


at  Tomperatnros  T»lu«iil>«It. 


9.0<1773 
9.08749 
9.I0T29 
9.12713 
0. 14701 

6.16691 
9.18686 
9.20684 


9.30728 
9  a2T4S 
9  S4771 

9  36798 
9.3SB2S 

9.40862 


9.468S6 
a. 49033 
9.M0S6 

9.A314a 

s.wte9 


9  «328 

?. 81397 
t.  63471 
(  65548 


30  9.87628 

81  '  T.69712 

S3  ;  9.71S00 

as  ,  9.73891 


l'\BLE  No.  49  affords  convenient  data  to  calculate  the  rise  in 
temperature  of  dynamo  machinery.  Approximaiely  10  per  cent 
change  in  resistance  is  accompanied  by  45*  rise  in  tempemtuie,  so  by 
measuring  the  resistance  before  a  trial  run,  and  immediately  after,  the 
increase  in  temperature  can  be  closely  calculated. 
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361.    BsHistaiioe  of  Dieleotrioa. — E}q>eiuneiit  shows  tbit    tbere 

is  a  large  class  of  bodies  which  permit  trf  the  transmission  of  elec- 
trical energy  so  slowly  that  they  may  be  termed  lurii-conductors, 
insulators,  or  dielectrics.  Generally  speaking,  the  metals  and  solu- 
tions of  the  metallic  salts  may  be  classed  as  conductors,  while  all 
other  substances  fall  in  the  category  of  insulators.  There  is,  how- 
ever, much  variation  in  the  relative  value  of  non-conductors  as 
insulators.  In  electrical  construction  the  property  of  high  resist- 
ance is  employed  entirely  to  isolate,  or  insulate,  electrical  currents 
in  such  a  manner  as  to  confine  the  transfer  of  energy  along  the 
paths  which  it  is  desired  to  have  it  take.  Insulators  may  he  applied 
to  conduct  the  circuits  in  one  of  two  ways, 

353.  First.  —  The  insulating  substance  may  be  arranged  as  a 
series  of  supports  to  which  the  circuit  is  attached  from  point  to 
point,  in  order  to  separate  it  entirely  from  electrical  communication 
with  other  bodies.  For  this  purpose  dielectrics,  such  as  wood,  glass, 
porcelain,  mdia-rubber,  and  their  various  compounds,  are  molded 
into  appropriate  forms,  mechanically  arranged  to  f)ermit  of  the 
attachment  of  the  conductor  circuit  to  the  insulator,  and  then  the 
attachment  of  the  insulator  to  the  support  designed  to  carry  the  cir- 
cuit, in  such  a  manner  as  to  electrically  isolate  the  circuit  by  means 
of  the  insulators  from  the  supports.  The  various  forms  of  insulators 
for  this  purpose  have  been  already  treated  in  Chapter  III. 

8B3.  Second.  —  The  insulating  substance  may  be  arranged  as  a 
uniform  and  continuous  coating,  so  applied  as  to  surround  and  en- 
velop the  circuit  from  end  to  end,  thus  rendering  additional  support 
unnecessary,  and  allowing  the  circuit  to  be  placed  in  proximity  to  the 
ground  or  other  bodies,  at  the  same  time  preserving  the  electrical 
isolation.  For  this  purpose  the  various  forms  of  india-rubber  are 
the  basis  of  nearly  all  insulating  materials.  It  is  usual  to  secure 
sufficient  mechanical  strength  by  covering  the  conductor  with  one 
or  more  layers  of  fibrous  material,  such  as  braid  composed  of  hemp, 
cotton,  or  silk,  or  by  wrapping  it  with  sheets  of  paper  or  jute,  or 
similar  material.  These  fibrous  coverings  may  be  impregnated  with 
insulating  compound,  either  previous  or  subsequent  to  their  applica- 
tion to  the  conductor.  As  an  example,  the  cables  manufactured  by 
Siemens  Bros,  are  covered  with  jute  impregnated  with  ozokerite. 
The  Farranti  mains  are  separated  by  a  number  of  layers  of  paper 
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impregnated  with  a  compound  of  black  wax.  The  Edison  conductors 
are  embedded  in  their  tubes  in  a  special  mixture  of  india-rubber  and 
resins.  The  various  forms  of  okonite,  ozokerite,  and  india-rubber 
covered  wires  all  depend  upon  protection  consisting  of  various  india- 
rubber  compounds,  each  applied  in  a  manner  peculiar  to  the  particu- 
lar manufacturer. 

864.  The  various  forms  of  india-rubber,  under  the  names  of 
caoutchouc  and  gutta-percha,  are  most  extensively  used  for  cable 
insulation,  although  the  melting-point  of  the  latter  is  so  low  as  to 
prevent  its  wide  adoption. 

Gutta-percha  is  a  material  of  varying  composition,  depending 
upon  its  mode  of  manufacture;  and,  consequently,  having  a  specific 
resistance  varying  between  25  X  10"  and  500  x  lO"*  ohms-centi- 
meter. By  fairly  good  methods  of  manufacture  and  the  employment 
of  pure  materials,  a  resistance  of  200  x  10^  ohms-centimeter,  at  a 
temperature  of  24°  C,  may  be  obtained.  Caoutchouc  has  also  a 
varying  composition  and  resistance.  It  is  valuable,  however,  in  its 
ability  to  resist  heat.  By  submitting  the  substance  to  the  process  of 
vulcanization  at  130°  C,  a  temperature  much  higher  than  should 
ever  be  attained  by  the  passage  of  the  current,  a  valuable  and  dur- 
able insulator  is  obtained,  having  a  resistance  of  7500  x  10"*  ohms- 
centimeter. 

3fi6,  The  variation  in  specific  resistance  of  dielectrics  under 
changes  in  temperature  is  very  much  more  rapid  and  much  larger  in 
amount  than  those  of  metals.  This  variation  can  only  be  expressed  by 
an  exponential  equation,  R^  =  R,  a'  (100),  a  being  a  coefficient  that, 
owing  to  the  process  of  manufacture,  has  to  be  determined  separately 
for  each  spwcimen  of  insulating  compound.  Experiments  upon  gutta- 
percha used  in  submarine  cable  work  assign  a  value  to  it  between 
the  limits  of  0.876  and  0.894.  For  caoutchouc,  the  value  is  less  care- 
fully established,  but  probably  lies  between  «  =0.941  and  a  =  0.955. 
For  a  variation  of  between  12"  and  15°  C„  on  either  side  of  a  tem- 
perature of  24°  C,  the  specific  resistance  is  approximately  halved  or 
doubled.  For  other  insulating  materials,  the  processes  of  manufac- 
ture vary  too  widely  to  permit  the  establishment  of  temperature 
coefficients.  Table  No.  50  gives  the  specific  resistance  of  some  of 
the  more  common  insulators. 

see.     Iiine  Leakase-  —  Where  transmission  lines  are  supported 
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continuous  current  conductors. 
Table  No.  50. 


Nah>. 

NAMt. 

RntsTAHca  tK 

FUCUHCCIH- 

M00KIO-* 

28000  m»-« 

MOOOXIO-* 

oii«  oil 

LardoU 

Stearic  add 

Baoiiiii 

WcmlUr 

0»k<rile  (crude).    .    .    . 

wroxio-* 

1HK10-* 

CulU.F«dtt 

Ebo.Jl( 

Hooper'*  compound.    .    .    . 

Upon  molded  insulators,  as  in  the  ordinary  forms  of  telegraph  lines 
and  other  bare  wire  installations,  the  resistance  of  the  line  insulation 
varies  from  time  to  time,  depending  upon  the  state  of  the  weather, 
the  cleanliness  of  the  insulating  surfaces,  and  the  number  of  points 
of  attachment  of  the  conductor  to  the  insulators.  Owing  to  these 
indeterminate  factors,  it  is  impossible  to  predict  or  calculate,  except- 
ing within  very  wide  limits,  the  insulation  resistance  of  such  lines. 
Data  for  the  probable  resistance  value  to  be  expected  from  molded 
insulators  will  be  found  in  Chapter  III.  For  conductors  which  are 
entirely  covered  by  insulating  material,  such  as  underground  and 
submarine  cables,  the  insulation  resistance  is  much  more  exactly 
Itnown,  and  usually  operates  under  very  much  narrower  variations. 
As  there  is  no  known  substance  that  forms  a  perfect  insulator,  there 
is  found,  in  the  most  carefully  constructed  lines,  surrounded  with 
the  greatest  amount  of  protection,  a  constant  and  quite 
perceptible  electrical  leakage  taking  place  through  the 
dielectric  substances  employed  for  insulation.  Know- 
ing the  specific  resistance  of  the  dielectric  and  the 
geometrical  relations  of  the  conductor  and  insulator, 
the  probable  insulation  resistance  may  be  quite  closely 
calculated.  Thus,  in  Fig,  268,  consider  the  case  of  a 
cable  having  a  central  conductor  of  the  radius  R, 
surrounded  by  a  layer  of  insulating  material  having  a 
radius  R,  and  of  a  specific  resistance  p,  and  let  Z  be  the  length  of 
the  cable.  The  resistance  of  an  infinitely  thin  layer  of  a  thickness 
dR^  of  the  insulator  at  a  distance  .^t  from  the  center  of  the  cable 
■will  be  pdRt 
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and  the  resistance  of  the  entire  coating  is  obtained  by  integrating 
the  previous  expression  between  the  limits  R  and  R^  obtaining 
the  value  _j_(>.,E,      _,     ^ ,      g,  .,.,, 

The  portion  p/2b-  is  a  constant  factor  for  any  given  dielectric,  so  if 
A  represents  this  factor,  and  L  be  made  unity,  and  the  diameter 
of  the  core  and  cable  be  substituted  for  R  and  R^,  the  insulation 
resistance  is  given  by  the  expression  A  log  D  j  d. 

867.  Distribntioa  of  Potential  in  a  Conducting  Circuit.  —  In 
the  preceding  paragraphs  the  relation  expressed  by  Ohm's  formula 
has  been  considered  as  applied  to  a  circuit  having  a  uniform  resist-  * 
ance,  and  subjected  to  the  effect  of  a  single  unvarying  electro-motive 
force.     Such  a  simple  state  rarely  exists  in  practice,  thus  making  it 

.  necessary  to  now  investigate  the  conditions  which  obtain  under  more 
Complex  relationships.  Electrical  circuits  usually  consist  of  a  gener- 
ator, of  some  description,  the  office  of  which  is  to  impress  upon  the 
circuit  an  electro-motive  force  of  sufficient  amount  to  perform  the 
work  demanded ;  a  line  of  conducting  material  serving  to  connect 
the  generator  with  the  various  receiving  mechanisms  employed  to 
utilize  the  energy  produced;  and  lastly,  the  receivers  of  various 
kinds,  in  which  the  transmitted  energy  is  applied  to  useful  work. 
An  analysis,  therefore,  of  the  entire  circuit  separates  it  into  three 
parts  deserving  of  consideration. 

Fint.    '  The  generator,  or  source  of  electro-motive  force. 

Second.   The  line,  or  conducting  system. 

Third.    The  receivers. 
[  ,Tft  .each  of  these  divisions  a  certain  amount  of  electro-motive  force 
\is  e^tpended,  being  employed  either  to  overcome  the  resistance  of  the 
separate  divisions,  or  expended  in  the  receivers, 

868.  From  a  commercial  standpoint,  the  expenditure  of  the  elec- 
'  tro-motive  force  may  be  separated  into  two  parts  :  — 

First.  The  amount  necessary  to  overcome  the  resistance  of  the 
various  parts  of  the  circuit,  in  order  to  convey  from  point  to  point 
the"  necessary  quantity  of  electricity. 

.  Second.  The  electro-motive  force  usefully  expended  in  producing 
mechanical  work,  or  the  evolution  of  energy  in  such  a  form  as  to  be 
commercially  valuable  in  the  receivers. 
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350.  That  portion  of  the  electro-motive  force  expended  in  over- 
coming  the  resistance  of  the  various  parts  of  the  circuit  is,  as  will  be 
subsequently  shown,  transformed  into  heat,  which  by  radiation  is  dis- 
sipated and  lost,  so  far  as  its  commercial  value  in  the  receiver  is  con- 
sidered, excepting  in  so  far  as  its  employment  for  the  purpose  of 
transporting  the  current  from  point  to  point  of  the  circuit  be  embraced 
in  the  term  of  commercial  use.  This  energy  used  in  overcoming  the 
resistance  of  the  circuit  is  frequently,  though  erroneously,  termed 
"  wasted  energy  ; "  for  it  is  solely  by  virtue  of  the  expenditure  of  this 
portion  of  the  total  energy  of  the  circuit  that  the  remainder  of  the 
energy  is  transferred  from  the  point  of  production  to  the  point  of 
consumption.  Inasmuch  as  there  is  no  known  substance  possessing 
no  resistance,  every  part  of  the  circuit  involves  the  expenditure  and 
dissipation  as  heat  of  a  greater  or  less  quantity  of  electro-motive 
force,  in  order  to  transmit  the  necessary  current. 

360.  Transforming  Ohm's  formula,  IR  =  E  is  obtained,  indicat- 
ing that  the  quantity  of  electro-motive  force  expended  in  the  circuit 
is  equivalent  to  the  current,  multiplied  by  the  resistance  of  the 
conductor. 

If  i,  i',  i",  etc.,  be  the  currents  in  various  portions  of  a  circuit, 
and  r,  r',  r",  etc.,  be  the  resistance  of  the  corresponding  parts  of  the 
circuit,  and  e,  e',  e",  etc.,  be  the  expenditures  of  electro-motive  force 
in  each  of  these  corresponding  parts  of  the  circuit,  the  following 
relations  bold :  — 

ir+i'r'+  i"r"+,  etc.  =e  +  /+  /'+,  etc.  -  2»r  =  Sr  =  /j?  »  £,      (102) 

the  capital  letters  standing  for  the  sum  of  the  quantities  represented 
by  small  type. 

In  the  above  equations,  great  care  must  be  taken  to  apply  to  each 
of  the  electro-motive  forces  its  appropriate  sign,  in  order  that  the 
summation  may  give  the  algebraic  sum  of  the  various  electro-motive 
forces.  Consider  the  example  of  a  dynamo  employed  to  charge  a 
storage  battery.  Suppose  that,  the  dynamo  furnishes  a  potential  of 
12  volts,  and  is  employed  in  charging  5  cells  of  storage  battery,  the 
total  potential  of  which,  when  fully  charged  at  2  volts  per  cell,  would 
amount  to  10  volts. 

Suppose  the  resistance  of  the  generator  to  be  -^  of  an  ohm,  and 
that  of  the  leads  to  be  ^V  (>f  ^n  ohm,  and  the  resistance  of  the  storage 
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battery  A  of  an  ohm.  The  total  resistance  of  the  circuit  will  then 
be  A  of  an  ohm,  and  through  this  the  generator  will  be  capable  of 
transmitting  a  current  of  24  amperes.  The  resistance  of  A  of  an 
ohm  for  the  storage  battery  is  made  upon  the  assumption  that  the 
charging  is  commenced  when  the  battery  is  entirely  discharged,  and 
that  the  cells  only  oppose  to  the  passage  of  tlie  current  their  ohmic 
resistance.  As  the  charging  proceeds,  an  electro-motive  force  is 
developed  in  the  storage  battery,  which  opposes  that  of  the  gener- 
ator, tending  constantly,  as  it  increases,  to  cut  down  the  effective 
electro-motive  force,  thus  reducing  the  amount  of  current  Sowing. 
When  the  batteries  are  charged  to  their  normal  rating,  each  one 
would  furnish  a  counter  electro-motive  force  of  2  volts,  the  5  cells 
aggregating  a  total  counter  electro-motive  force  of  10  volts.  Under 
these  circumstances,  the  total  effective  resistance  of  the  circuit  would 
be  \  ohm  for  the  ohmic  resistance  of  the  generator,  leads,  and  bat- 
tery, with  a  counter  electro-motive  force  of  10  volts  developed  by  the 
cells.  Assuming  the  previous  notation,  «— 2,  S  f=10,  £=12,  R  =  ^ 
the  value  of  the  current  then  becomes  — 

r     £—^      12  -  f2  X  5)      , 
^^      R       "  \ 

Thus,  when  the  batteries  are  sufficiently  charged  to  give  a  counter 
electro-motive  force  of  2  volts  each,  the  current  in  the  circuit  would 
be  reduced  from  24  amperes  to  4  amperes.  If  the  charging  be  con- 
tinued, the  electro-motive  force  of  the  cells  gradually  rises  more  and 
more,  until  finally  the  opposing  electro-motive  force  exactly  balances 
that  of  the  generator,  and  the  charging  automatically  ceases. 

861.  The  most  convenient  way  to  represent  the  potential  distri- 
bution in  a  complicated  circuit  is  the  graphical  method,  in  which  val- 
ues along  the  axis  of  Y  be  taken  to  represent  the  electro-motive 
force,  and  those  along  the  axis  of  X  represent  the  relative  lengths 
and  resistances  of  the  different  parts  of  the  circuit. 

Thus,  in  diagram.  Fig.  269  represents  the  previously  cited  exam- 
ple of  a  dynamo  machine  charging  5  cells  of  storage  battery.  On  the 
right  hand  of  the  illustration  the  general  circuit  is  indicated,  AB 
being  the  lead  from  the  positive  pole  of  the  dynamo  to  the  storage 
battery,  BC  the  battery,  CD  the  negative  lead  returning  from  the 
battery  to  the  generator,  and  DA  the  circuit  in  the  dynamo  machine. 
On  the  left  band  of  the  figure,  assume  OY  is  the  potential  axis,  single 
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Tolts  being  represented  to  scale,  as  shown  in  the  diagram.  Assume 
OX  as  the  axis  of  resistance,  in  a  similar  manner.  Under  the  sup- 
position that  the  battery  is  charged  to  a  potential  2  volts  per  cell, 
the  total  current  flowing  in  the  circuit  will  be  4  amperes,  as  previ- 
ously shown.  Assume,  also,  that  the  resistances  in  the  various  parts 
of  the  circuit,  named  AB,  BC,  CD,  and  DA,  are  uniform  through- 
out each  of  the  separate  parts,  the  current,  of  course,  being  constant 
throughout  the  entire  circuit.  The  fall  of  potential  in  AB  will  then 
ber7'=c=.05x4  =  .2  volts.  Along  OY  lay  off  OY  positively  up- 
ward, to  represent  12  volts,  the  total  potential  of  the  generator. 
From  A  lay  off  AB  horizontally,  equal  to  .05  of  an  ohm,  the  resist- 
ance of  AB  in  the  other  diagram.     Lay  off  BB'  vertically,  negatively 


F  of  ftnmtlal  DIttrltatloii  In 


downward  equal  to  .2  volts,  and  draw  AB';  then  AB'  represents  the 
distribution  of  the  potential  throughout  the  lead  AB.  Between  B 
and  C  there  is  an  ohmic  resistance  of  .2  ohm,  and  a  counter  electro- 
motive force  of  2  volts  per  cell,  or  10  volts.  The  fall  of  potential  in 
this  part  of  the  circuit  will  then,  evidently,  be  r'(  +  2^=-2x4-i-2x 
5  =  10.8  volts.  From  B  lay  off  BC,  horizontally,  equal  to  .2  ohms, 
and  CC,  vertically  downward,  equal  to  10.8  +  .2  volts.  Join  WC,  the 
line  B'C  representing  the  distribution  of  potential  throughout  the 
battery.  The  fall  of  potential  in  the  lead  CD  is  calculated  in  a  man- 
ner similar  to  that  indicated  for  AB,  and  the  fall  of  potential  in 
the  generator  DA  in  the  same  way ;  and  thus,  in  the  left  hand  illus- 
tration, the  irregular  line  AB'C'DA  indicates,  for  each  of  the  various 
parts  of  the  circuit,  the  distribution  of  the  generator  potential. 
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363.  The  Bffeot  of  Leakage.  —  In  the  preceding  section  the 
lines  AB'  and  CD  in  the  left  diagram  represent  the  distribution  of 
potential  along  the  conductors  AB  and  CD  that  unite  the  generator 
to  the  receivers.  It  is  evident,  from  the  reasoning  and  construc- 
tion employed,  that  these  are  straight  lines,  having  equations  of  the 
form  —  y  =  ax^b  {108) 

and  that  throughout  the  entire  length  of  each  conductor  a  constant 
and  uniform  current  existed.  This  condition  can  only  be  fulfilled  by 
assuming  that  the  conductors  are  perfectly  insulated  ;  for,  if  the  insu- 
lation is  defective  in  any  way,  some  electricity  will  escape  sidewise 
between  the  conductors,  and  the  current  will  be  less  at  the  point 
B  than  it  is  at  A  by  this  amount  of  leakage.  Consider  two  points 
in  the  conductor,  the  first  one  at  a  distance  x  from  the  origin,  and 
the  second  at  a  distance  x-\-dx.  The  electro-motive  force  acting 
between  these  points  is  dE,  while  the  resistance  of  the  conductor 
between  them  is  rdx,  when  r  is  the  resistance  of  the  lead  for  unit  of 
length.     The  current  flowing  between  these  points  is  then  — 

/— ^.  (.04) 

If  the  conductors  were  perfectly  insulated,  this  value  would  be  con- 
stant throughout  the  entire  length,  and  equation  would  be  that  of  a 
straight  line.  If  the  conductor  leaks,  then  more  electricity  enters 
every  element  at  the  point  .r  than  leaves  the  element  at  the  point 
X  -\-  dx,  the  difference  in  the  quantity  which  enters  the  element  and 
that  which  leaves  it  going  to  supply  the  leakage.  If  r,  be  the  insula- 
tion resistance  per  unit  of  length,  r^ldx  is  the  insulation  resistance 
of  the  element  dx,  and  the  flow  of  electricity  sidewise  from  this 
element  is-  -U.S^.  (105) 

Eliminating  I  by  differentiating  equations  (104)  and  (106),  and  putting 

But  this  is  the  differential  equation  of  the  arc  of  a  catenary,'  which 
when  integrated  gives  rise  to  the  equation  — 

E=At'-\-Brl-.  (107) 

>  See  Rtnkins's  Afpliid  Michanics,  p.  176. 
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For  ordinary  transmission,  lines  of  moderate  length,  well  built,  care- 
fully insulated  and  maintained,  the  leakage  is  so  small  that  without 
sensible  error  it  may  be  neglected.  For  very  long  lines,  such  as 
submarine  cables  or  overland  telegraph  or  telephone  lines,  the 
straight  line  assumption  is  not  sufficient,  and  the  catenary  equation 
should  be  used. 

368.  Conduotanoe.  —  From  Ohm's  formula,  it  appears  that  the 
resistance  oJ  any  circuit  is  proportional  to  the  geometrical  dimen- 
sions of  the  conductor,  and  to  its  specific  resistance.  If  R  be  the 
resistance  of  any  conductor,  the  reciprocal  of  R,  or  1/^,  gives  a 
quantity  which  is  appropriately  denominated,  "The  Conductance  of 
the  Circuit,"  or  a  quantity  to  which  the  ability  to  transmit  electrical 
energy  is  proportional.  If,  between  the  terminals  of  any  generator, 
a  number  of  conducting  circuits  be  extended,  having  the  resistance 
of  r,  r',  r",  etc.,  the  conductance  of  each  branch  will  be  1/r,  \jr', 
1  /  r",  etc.  It  is  evident  that  the  total  conductance  is  equal  to  the 
sum  of  the  conductances  of  the  individual  parts.  Thus,  representing 
bye,  ^,tf',  etc.,  the  individual  conductances,  and  by  C  the  total  conduct- 
ing power  of  the  circuit,  C=ic-^c'  +c",  etc.  Butr,  c'-,  c",etc: ;  are  re- 
spectively equal  to  1/r,  1/r',  1/r",  etc.,  or  the  conductance  is  equal  to 
the  sum  of  the  reciprocals  of  the  individual  resistances.  As  resist- 
ance is  the  reciprocal  of  conductance,  the  total  resistance,  therefdre, 
of  a  number  of  branch  circuits  is  equal  to  the  reciprocal  of  the  sum 
of  the  reciprocals  of  the  individual  resistances,  or  symbolically  :  — 


l  +  i,  +  ^+«c.  (I*) 

r       r  r 

864,  A  graphic  method  of  quickly  determining  the  resistance 
of  two  branch  circuits  is  given  by  Mr.  Preece.' 

Assume  in  the  diagram.  Fig.  270,  the  line  AB  drawn  horizontally 
to  represent  the  resistance  of  one  of  the  branch  circuits ;  lay  off 
EC  to  the  same  scale  equal  to  the  other  resistance,  and  at  C  erect  a 
perpendicular  CD  equivalent  to  EC.  Join  A  and  D,  and  at  B  erect 
a  perpendicular  BE,  which  will,  to  the  same  scale,  represent  the  joint 
.resistance  of  the  two  resistances,  AB  and  BC.  By  drawing  the  Ijne 
BD,  and  dividing  AB,  BD,  and  BE,  according  to  the  proper  propor- 
tional scale  of  each  line,  joint  resistances  may  be  easily  found  in  the 

1  See  Manual  of  Telifiliony,  by  Preece  and  Stubbs,  p.  101. 
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following  manner  :  Select  upon  AB  a  number  representing 
one  of  the  resistances ;    in  a  similar  manner,  select  upon 
■>       BD  a  number  representing  the  other  resistance.      Lay 
\^     a  straight  edge  across  these  two  points,  and  the  num- 
\      ber  given  upon  BE  at  the  intersection  of  the  straight 
\      edge  with  BE  is  the  joint  resistance  of  the  two  cir- 
\      cuits.     The  scale  on  AB  and  BE  is  a  simple  deci- 
mal scale  of  equal  parts.     The  scale  on  BD  is  also 
a  decimal  scale  of  equal  parts,  and  is  related  to 
the  scales  on  AB  and  BE  in  the  proportion  of 
\      1  :  V2.     As  all  three  scales  are  decimal,  the 
\       significant    figures   on    all   of  them  may  be 
\      multiplied   or  divided    at   pleasure   by  any 
power  of   10,   and  thus  the   diagram  ex- 
tended to  cover  any  desired  range  of  re- 
sistance.     The  geometrical  relation  of 
the  three  scales   is   self-evident.      In 
\      the  case  of  several  branch  circuits, 
the  joint   resistances   of  any  two 
may  be   found    by   the   diagram, 
and    then  this  value    combined 
\      with  the  resistance  of  any  one 
\      of    the   remaining    branches. 
\      By   a   continuance    of    this 
process  any  number  of  cir- 
cuits   may,    by    the   dia- 
gram, be  calculated, 
ses.    Distribution 
of     Potential     ajid 
\      Current  in  Branch 
\      Circuits.  —  The 
\     equations       for 
distribution    of 
potential    and 
current  so 
far     given 
apply  sim- 
ply to  a 
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circuit  consisting  of  a  single  source  of  electro-motive  force,  intro- 
duced in  a  circuit  consisting  of  a  single  conductor  extending  from 
pole  to  pole  of  the  generator.  In  practice,  however,  actual  installs-  ' 
tions  are  usually  very  much  more  complex,  frequently  consisting  of 
a  number  of  generators  placed  at  different  points  of  a  complex  net- 
work of  conductors,  which  ramify  in  all  directions  over  the  territory 
to  be  supplied.  To  determine  accurately  the  description  of  poten- 
tial and  current  in  a  complicated  network,  is  a  matter  of  exceeding 
importance  to  the  electrical  engineer.  While  calculations  of  this 
kind  are  based  on  simple  algebraic  applications  of  the  laws  of 
Ohm  and  Kirchhoff,  a  complete  solution  of  the  distributing  prob- 
lem is  difficult  of  successful  solution,  owing  to  the  fact  that,  while 
the  principles  are  simple,  the  application  of  theih  leads,  usually,  to 
exceedingly  complicated  and  intricate  equations.  Any  network  of 
circuits  may  always  be  resolved  into  one  of  four  elementary  cases. 

see.  Case  1.  —  Is  that  of  a  simple  circuit  embracing  a  generator 
placed  in  a  continuous,  straight  conductor,  extending  from  one  pole 
to  the  other  of  the  generator  without  branches,  and  may  be  treated 
directly  by  Ohm's  law. 

867.  Case  2.  —  This  consists  of  a  generator  supplied  with  a 
circuit  consisting  of  one  or  more  branches,  as  shown  in  Fig.  271,  in 
which  E  is  the  generator  or  source  of  electro- 
motive force,  ab  and  ac  the  conductors  from 
the  generator  to  the  points  b  and  c,  at  which 
points  the  circuit  branches  or  divides  into 
two  parts  of  varying  resistance.  Let  E  de- 
note the  E.M.F.  of  the  generator,  and  r,  its 
resistance.  Let  r^  be  the  resistance  of  ab 
and  ac,  and  r,  and  r,  the  respective  resist-  ""' ""'  """"'  ^' 
ances  of  the  two  branches  from  &  to  c,  then  the  combined  resistance 
between  6c  is  — 

L'-.;'-.]-^-^-  (109) 

The  total  resistance  of  the  entire  circuit  JS  is, 

j  fa  X  r, 
r,  -t-  r,  ■ 

Denote  the  respective  currents  in  the  various  parts  of  the  circuit 
by  ('i,  ij,  and  (,,  as  indicated  in  the  diagram,  then, — 


•,  +  n+;^^.  (110) 


ly  Google 


(Ill 

(IE 

(US'. 
(114, 


^v  Ji  Fig.  27^ 
■ror.  E|  and  Ej. 

~-  TSooace  of 
-^  .  -, .  and  ^, 


(US) 
.(116) 
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the  constants  of  the  circuits,  there  will  be  current  in  all  of  the 
branches. 


Tomake«=0,— 

ai8) 

To  make  *i=sO, — 

■^'  =      '^     .  or  ^.      E^      '■     . 

(U9) 

To  make  ^=0,  — 

Ex            r                                     r 

(120) 

As  there  are  several  quantities  {E.M.F.S  and  resistances)  in  these 
expressions,  parallel  results  may  be  attained  by  changing  either  one, 


or  any  desired  combination,  of  the  variables  to  attain  the  desired 
ratios.  When  there  are  n  branches  in  the  network  and  «  E.M.F.S 
acting,  similar  equations  may  be  deduced. 

86B.  Case  4.  —  The  last  elementary  combination  is  illustrated 
in  Fig.  273,  and  consists  of  an  E.M.F.  acting  in  a  circuit  of  seven 
branches,  ab,  ad,  be,  be,  dc,  de,  and  ec  as  shown.     As  above,  let  E 

/e  currents 
e  diagram, 

X£;(121) 
(122) 
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/,  =  -^  f  1i  +  ''«) ;  (lU) 

H^    .     ^^^'  ^        ;  (112) 

^  =   ,    ^^'"*  ^ — ;  (113) 

&  »  ^  .  (114) 

i*       U 

Here  »^i  —  r,  +  rj.  If  there  are  «  branches,  «  similar  equations 
may  be  formed. 

808.  Case  3.  —  This  is  indicated  diagrammadcally  in  Fig.  272, 
in  which  there  are  two  sources  of  electro-motive  force,  Ej  and  E,. 
In  a  circuit  consisting  of  three  branches  that  are  respectively  ab, 
ad,  cb,  cd,  and  db,  let  r,  r,,  and  r,,  be  the  respective  resistance  of 
the  several  branches  as  indicated  in  the  diagram,  and  i,  i,.  and  i,. 


the  corresponding  currents.  Let  £,  and  E^  be  the  acting  E.M-F.S, 
then  the  applications  of  Kirchhoff's  laws  give  rise  to  the  following 
equations  for  the  current  values  :  — 

/  _  ,  -^i^i  ^  ^«^i    .  (116) 

'^i  +  '^i  +  r^rt ' 
i^  =  gi  {r  +  r,)  T  Sir  ^jgj 

"■»  +  '^i  +  nrt 
;,--g'(^  +  ^OT-g.'-.  (J17) 

When  the  double  sign  (±  or  T)  is  used,  the  upper  sign  is  to  be  taken 
in  cases  where  the  E.M.Rs  oppose  each  other,  and  the  lower  one 
where  the  E.M.F.S  act  together.  Considering  these  equations,  it  is 
evident   that,   excepting  when    particular  values   are    assigned  to 
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the   constants  of  the  circuits,  there  will  be  current  in  all  of  the 
branches. 


To  make  I'vO, - 

E 
To  make  ^—0, 


E^-%'  or£.--ff.^-  (118) 


(U9) 
To  make  ^^0, — 

^  =  ^li-^,  or  £,  =£,^1±-Q-.  '  (120) 


As  there  are  several  quantities  (E.M.F.S  and  resistances)  in  these 
expressions,  parallel  results  may  be  attained  by  changing  either  one. 


or  any  desired  combination,  of  the  variables  to  attain  the  desired 
ratios.  When  there  are  n  branches  in  the  network  and  »  E.M.F.S 
acting,  similar  equations  may  be  deduced. 

see.  Case  4.  —  The  last  elementary  combination  is  illustrated 
in  Fig.  273,  and  consists  of  an  E.M.F.  acting  in  a  circuit  of  seven 
branches,  ab,  ad,  be,  be,  dc,  de,  and  ec  as  shown.  As  above,  let  E 
represent  the  E.M.F.,  i,  if ,  etc,  and  r,  r^ ,  etc.,  the  respective  currents 
and  resistances  in  the  several  branches  as  shown  in  the  diagram, 
then,— 
,-}       ,-  =  n^«  +  rxU  +  ftr,  +  r,r,  +  r^,  +  r,ri  +  r^,  +  r^^  ^  ^.  -jgj, 

k)        f.  -  ^«^'  +  '■»''*  +  ^■'''  +  ''*''*  X  J;  (122) 
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«)      /,.=  ^-'-'  +  ^»-'  +  --^.  +  ^.-*x.g;  021) 

«)      ,;  =  n^»  +  n^.  +  ^»^«  +  ^«^.  X  £•  (125) 

")       ^»°=-^''''~ ''''"' X-g.  (126) 

In  the  above  expressions,  — 

JV  =  /r,r,  +  rrirt  -\-  rnr,  +  rr»r,  +  rrtr,  +  rr,ri  +  rr,r,  +  Wjr.  +  >-,v« 

Equation  (126)  shows  that  in  the  branch  ec,  the  current  *i  becomes 
zero,  when,  — 

nr,=nn,  or^  =  ^,  or  ^  = -^  .  (121) 

370.  All  networks,  no  matter  how  complicated,  may  be  analyzed 
by  resolving  them  into  combinations  of  the  foregoing  elementary 
forms.  By  then  successively  applying  the  equations  given  for  each 
of  the  elementary  forms  and  summing  the  results,  the  distribution 
of  current  and  potential,  no  matter  how  complicated,  may  be  finally 
arrived  at.  It  should  be  noted,  however,  that  algebraic  processes 
of  this  kind  are  exceedingly  complicated,  and  are  particularly  liable 
to  lead  to  error,  owing  to  the  multiplicity  and  complexity  of  the 
symbols,  and,  therefore,  great  care  must  be  taken  to  avoid  numerical 
mistakes  in  attaining  the  final  result. 
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..^._^.  CHAPTER     XII. 

cnnriNnonB  oubbbnt  ooNDuoroRa 
^iHE  SEAHNO  or  coin>acToss. 

Art  871.  Joule's  Law.  —  A  portion  of  the  electrical  energy  de- 
livered to  any  conductor  is  found  to  be  expended  in  the  conductor 
itself,  and  by  some  mysterious  process,  sometimes  termed  by  investi- 
gators "molecular  friction,"  is  transformed  into  heat,  and  serves  to 
raise  the  temperature  of  the  material  forming  the  conductor.  Ex- 
periment has  shown  that  the  quantity  of  heat  thus  produced  is 
proportional  to  the  square  of  the  current,  the  resistance  of  the  cir- 
cuit, and  the  time  during  which  the  current  flows. 

To  Doctor  Joule  is   due  the  mathematical  expression  for  the 
amount  of  heat  thus  developed. 
Let  /  be  the  current  in  amperes, 

H  the  resistance  of  the  circuit,  * 

T  the  time  in  seconds  during  which  the  current  flows, 
//  the  heat  developed  in  calories  (gramme  degree), 
J  the  cross-section  of  the  conductor, 
ti  the  diameter  of  the  conductor, 
/  its  length, 

P  the  specific  resistance  of  the  material  forming  the  con- 
ductor. 
Joule's  Law  indicates,  for  the  amount  of  heat  developed  in  any 
circuit,-  H-^I-J!T.  (128) 

The  resistance  R  of  the  circuit  is  /tf/s,  which,  for  a  cylindrical  con- 
-ductOT,  becomes  ^pljrd*.     Substituting  in  the  preceding  formula,  — 

If  /  and  T  are  written  as  units  of  length  and  time  respectively, 
then  the  above  expression,  formula  (129)  gives  the  amount  of  heat 
«volved  per  unit  of  length  of  the  conductor  per  unit  of  time.     The 
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heat  thus  generated  augments  the  temperature  of  the  conductor;  and 
were  it  not  for  radiation  and  convection,  this  elevation  of  the  con- 
ductor temperature  would  increase  until  the  fusing-point  of  the 
circuit  was  reached,  and  the  current  interrupted  by  the  melting  of 
the  conductor.  When  the  cooling  of  the  circuit  equals  the  heat 
evolution,  equilibrium  is  obtained,  the  conductor  r^m^ning  at  a  con- 
stant temperature  above  its  surroundings,  as  long  as  the  current 
remains  constant.  To  safely  design  electrical  circuits,  in  order  that 
their  carrying  capacity  may  be,  on  the  one  hand,  such  as  to  exempt 
them  from  becoming  sources  of  danger,  and  on  the  other  hand,  to 
attain  an  economical  disposition  of  the  conducting  material,  is  a 
matter  of  supreme  importance. 

872.  Location  of  Oircuit.  —  It  is  necessary  to  consider  con- 
ductors under  the  various  aspects  in  which  electrical  circuits  may 
be  placed. 

First.    Bare  wires  may  be  freely  suspended  in  the  atmosphere. 

Second.  Bare  wires  may  be  inclosed  in  panel  moldings,  or 
other  forms  of  interior  conduit. 

Third.    Insulated  wires  may  be  freely  suspended  in  the  air. 

Fourth.  Insulated  cables  may  be  buried  in  underground  con- 
duits, or  extended  under  water  ;  and,  as  a  corollary,  adjacent  under- 
ground conductors  may  exercise  a  mutual  influence  on  each  other, 
the  passage  of  the  current  in  one  cable  being  sufficient  to  cause  the 
temperature  of  the  conductor  to  seriously  influence  that  of  a  neigh- 
boring cable.     Each  of  these  cases  will  be  considered  successively. 

378.  First,  Bare  Wires  Freely  Suspended.  —  The  resulting 
temperature  to  be  attained  by  electrical  conductors  has  been  studied 
in  England  by  Professor  Forbes,  and  investigated  in  this  country  by 
Mr,  A,  E.  Kennelly.  Both  of  these  investigators  have  based  their 
researches  upon  the  laws  for  radiation  and  convection  established  by 
Dulong  and  Petit.  Mr.  KenneJly's  experiments  have  been  the  more 
complete  and  exhaustive,  and,  forming  a  classic  paper  presented  to 
the  Edison  Convention  in  1889,  are  usually  assumed  as  indicating 
the  best  present  knowledge  on  the  subject. 

374.  Radiation  and  Convection.  —  Two  causes  are,  manifestly, 
operative  to  reduce  the  temperature  of  a  conductor. 

First.  Heat  may  be  lost  by  direct  radiation  from  the  surface  of 
the  conductor,  ... 
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Second.   Heat  may  be  lost  by  convection. 

The  quantity  of  heat  radiated  by  a  conductor  is  proportional  to 
the  amount  of  radiating  surface,  the  difference  in  the  temperature 
between  the  conductor  and  that  of  its  surroundings,  the  time  during 
which  radiation  takes  place,  and  to  an  arbitrary  coefficient  depending 
upon  the  nature  of  the  radiating  surface. 

Thus,  if  «  be  the  coefficient  of  radiation  per  unit  of  area, 
9  the  temperature  of  the  surrounding  air, 
t  the  temperature  attained  by  the  conductor, 
the  radiating  power  of  length  /and  diameter  //is  lardHt  —9)T. 

If  /  and  T  are  respectively  units  of  length  and  time,  the  expres- 
sion per  unit  of  length  per  unit  of  time  becomes  8,1416  «/(/—*), 

Mr.  Kennelly's  experiments,  confirming  the  investigations  of 
Dulong  and  Petit,  indicate  that  for  radiation  the  quantity  of  heat 
dissipated  per  square  centimeter  of  surface  is  given  by  the  expres- 
sion {l,0077»)  (1.007'-1)C;  in  which  (7  is  a  constant  depending  upon 
the  physical  character  of  the  radiating  surface. 

37B.  For  highly  polished  metals  (the  poorest  radiators),  C  is 
equal  to  one ;  while  for  roughened  and  blackened  surfaces  C  has  a 
greater  value,  being  usually  assumed  as  two,  but  sometimes  rising  to 
a  higher  value.  For  electrical  calculation,  it  is  more  convenient 
to  express  the  energy  lost  in  the  conductor  in  watts,  instead  of 
thermal  units  or  calories. 

Denoting  then  the  total  energy  transformed  in  the  conductor 
into  heat  by  ^  watts,  and  that  portion  of  fF  lost  by  radiation  by 
Wf,  and  the  portion  lost  by  convection  by  W^,  — 

Under  these  circumstances,  the  expression  for  the  radiation  per 
square  centimeter  is  — 

Wr  =  .06625  (1.0077")  (1.007'  -  1)  C.  (130) 

For  a  polished  wire  of  diameter  d  and  any  surface,  the  radiation 
"'"^'"^  —  f^^  .  .06625  [(1.0077»)  (1.007'  —  1)  rdC\  (131) 

per  unit  of  length  and  time. 

876.  Cooling  is  also  aided  by  convection.  The  amount  of  heat 
lost  from  this  cause,  as  determined  by  Mr,  Kennelly,  is  — 

W.  =  . 00175  (/-tf);  (132) 
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and  the  investigation  indicated  that  this  relation  was  independent  of 
the  amount  of  surface,  holding  true  for  a  wire  of  any  diameter  per 
unit  of  length. 

This  relation  is  found  strictly  applicable  for  still  air  in  an 
inclosed  location.  But  Mr.  Kennelly's  experiments  show  that,  for 
ordinary  aerial  lines,  even  under  the  most  unfavorable  assumption 
of  calm  weather,  the  above  quantity  can  be  increased  by  an  amount 
equal  to-  .013^ (,_«,. 

Therefore  the  complete  expression  for  W,  becomes  — 

W,  =  (.00175  +  .013  </)  (/  -  S).  (133) 

377.  The  amount  of  energy  in  watts  W  developed  in  the  con- 
ductors, per  unit  of  length  and  time,  is  PR,  As  soon  as  the  tem- 
perature of  the  conductor  ceases  to  rise,  there  must  evidently  be 
equilibrium  between  the  heat  evolution  in  the  conducts  and  the 
amount  lost  by  radiation  and  convection.     Then,  — 

PR  -  .06625  [(1.0077»)  (1.007'  —  1)]  C-wd  +  [(.00175  +  .013  d)  (t  -  i}\ 

To  simplify,  let  [(-00175  +  .013  d){f~Sf\~a,  * 

and  .06626 X  [(1.0077*)  (1.007'  -  1)]  =  *; 

then,  PR=^idC  +  a; 

but  Ji  =  i£^tl±^i+m, 

at  any  temperature  above  0°  C. ;  hence,  as  the  temperature  attained 
by  the  conductor  is  a  function  of  the  resistance,  this  quantity  must 
be  substituted  for  R. 

4,.(1  + a/ +  /»■)"    4         ,^(1+,J +  /»■)' 


/  -.8862^1 


y^il  +  ^  +  fl')  '■ 

As  Ix>th  It  and  t  enter  into  the  quantity  under  the  radical  sign,  /  can 
only  be  obtained  by  successive  approximations. 

878.    In  Tables  Nos.  51  and  52  will  be  found  the  values  of— 

Jfi  =  p.(l  +  "'  +  ^'"), 
.05628 1  (1.0077«), 
1.007'  —  1, 
and  0.00175  +  0.013^; 
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by  means  of  which,  by  simple  substitution,  the  carrying  capacity  of 
any  wire  in  amperes  may  be  found  for  any  surrounding  temperature, 
and  any  determined  rise  of  temperature,  between  0"  and  200"  C. 

Table  No.  51. 

Copper  BMiManoe. 


879.    In  Table  No.  51  the  base  line  is  assumed  horizontally  op- 
posite 1  on  the  left-hand  vertical  axis,  the  relative  resistances  being 
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reckoned  pMsitively  upward,  and  the  relative  conductivity  n^atively 
downward.  The  specific  resistance  is  a  positive  curve,  running  up- 
ward from  the  point  1.589  on  the  left-hand  axis.     The  temperature 

Table  No.  52. 
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""5."  ^      - . 

^^      -- 

^^        1 

::.  .  ';::..' 

VALUES  OF  .00175+.013d  ENLA 

RGEO 

scale  will  be  found  horizontally  along  the  bottom,  and  the  resistance 
scale  on  the  left  hand.  In  Table  No.  52,  for  the  curve  giving  values 
of  .00175  +  .013./,  the  values  of  rf  are  horizontally  along  the  top  of  the 
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sheet,  the  temperature  scale  horizontally  along  the  bottom.  Two 
curves  are  given  for  this  expression  ;  one  plotted  to  the  natural  scale 
of  the  sheet,  as  indicated  on  the  left-hand  axis,  and  the  other  exagger- 

Table  No.  54. 


"ed  ten  times,  the  axis  being  on  the  right  hand.  The  other  two 
rarves,  for  values  of  .05625ir  (iMIV)  and  1.007'-1,  hardly  need 
^^Unation,  being  referred  to  the  lower  and  left-hand  axes. 

380.     By  means  of  the  preceding  formulae  and  tables,  quite  accu- 
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rate  determinations  may  be  made  of  the  probable  temperature  to  be 
obtained  in  any  conductor  by  the  passage  of  any  current.  For  aerial 
lines,  the  free  circulation  of  air  and  effect  of  wind  is  usually  to  reduce 
the  temperature  below  that  indicated  by  the  formula.  For  a  good 
approximation,  the  Tables  Nos.  53  (in  pocket)  and  54,  deduced  frcm 
Kennelly's  experiments,  may  be  employed  for  detennining  the  probable 
temperature  of  the  conductors. 

Table  No.  55. 

Safe  CiuranU  tac  Fuuled  'Wiras. 
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iQcved  in  wooden  paiicUng.   Con«f 


881.  It  should  be  carefully  noted  that  the  rise  of  temperature  of 
the  conductor  increases  its  resistance  a  very  notable  amount,  and 
should  not  be  forgotten  in  the  design  of  the  circuit.  To  compensate 
for  this  extra  resistance,  either  additional  conductor  section  must  be 
provided,  or  a  greater  pressure  at  the  terminals  of  the  generator. 
See  Table  No.  55  for  full  data  for  proportioning  circuits. 
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S82.  Second,  Pan«Ied  "Wire.  —  Interior  wiring  is  usually  either 
protected  by  ornamental  moldings,  or  run  in  interior  conduits  of  some 
description.  Being  thus  in  a  confined  location,  the  effects  of  radia- 
tion and  convection  are  'reduced  to  a  minimum.  The  circuits  may 
also  be  surrounded  by  inflammable  material,  so  that  particular  care 
must  be  exercised  to  secure  safety.  The  consensus  of  opinion  of  the 
American  and  Foreign  Underwriters'  Associations  limits  the  allowed 
elevation  of  temperature  in  paneled  conductors  to  a  rise  not  to  exceed 
10°  C.  For  this  amount,  Mr,  Kennelly's  experiments  indicate  the 
safe  current  in  amperes  to  be  expressed  by  the  relations,  — 

/=560rfl if  i/ is  in  inches. 

/=     0.01776rfl if  </  is  in  mils.  , 

/— 13S(/I if  ^  is  in  centimeters.  i 

/=     4.37&/I if  rf  is  in  millimeters. 

Reciprocally  — 

d  =   0.0t47/l if  rf  is  in  inches. 

rf=  14.7/1 if  rf  is  in  mils.  , 

rf—   0.0374/1 if  rf  is  in  centimeters.  I 

rf=   0.374/1 if  rf  is  in  millimeters. 

From  these  data,  and  as  a  result  of  his  experiments,  Mr.  Ken- 
nelly  gives  Tables  Nos,  55  and  56;  Table  No.  56  indicating  the  cur- 
rent and  resulting  temperature,  in  paneled  wire,  up  to  300  amperes, 
and  to  a  diameter  of  .450";  Table  No.  55  giving  the  minimum  safe 
diameter  and  fall  of  potential,  up  to  1,000  amperes,  for  a  rise  of  tem- 
perature of  10°  C. 

388.  Third,  Insulated  Wire  Freely  SoBpended.  —  Apparently, 
insulated  wires,  with  their  nonconducting  coatings,  would  be  sub- 
jected to  a  greater  elevation  of  temperature  than  bare  wire.  The 
insulation,  however,  increases  the  amount  of  radiating  surface  of  the 
conductor,  and  also  provides  a  surface  which,  from  its  physical  char- 
acteristics, is  a  much  more  efficient  radiator  than  the  polished  metal. 
It  seems  probable  that  this  increased  efficiency  and  size  of  the  sur- 
face fully  counterpoise,  at  least  in  most  cases,  the  non-conducting 
effect  of  the  insulating  covering.  From  Professor  Forbes's  experi- 
ments, this  relation  would  seem  to  be  substantiated,  and  therefore 
ordinary  insulated  wires  may  usually  be  treated  as  if  they  were  unin- 
sulated. This  branch  of  the  subject,  however,  is  worthy  of  more 
extended  investigation. 
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884.  Rheostats  and  Heaters.  —  In  many  electrical  appliances 
it  is  customary  to  control  the  amount  of  energy  delivered  to  the  trans- 
lating device  by  the  aid  of  a  resistance  capable  of  being  varied  to  suit 

Table  No.  56. 
i    1^  amperes  through  wire 


the  demands  upon  the  receiver,  which  acts  as  a  dam,  or  valve,  inter- 
posed in  the  circuit  to  control  the  amount  of  current.  Such  resist- 
ances are  termed  rheostats,  and  dissipate  a  certain  amount  of  energy 
as  electricity,  transforming  same  into  heat.     The  determination  of 
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the  size  of  wire  to  be  used  for  such  purposes  may  be  made  by  the  use 
of  the  preceding  formulae.  Usually,  however,  rheostats  are  made 
either  of  German  silver  or  iron  wire;  and  for  eithsFiof  these  materi- 
als. Tables  Nos.  57,  08,  and  59  may  be  used  to  obviate  calculation. 
A  number  of  devices  have  recently  made  their  appearance  for  heating 
by  electricity,  such  as  car-heaters,  flat-irons,  cooking-utensils,  and  the 
like.  Nearly  all  of  them  are  based  upon  the  transformation  of  elec- 
trical energy  into  heat  energy  by  the  interposition  of  the  resistance 
of  a  bare  conductor,  usually  consisting  of  a  small  metallic  wire  em- 
bedded in  a  vitreous  enamel  of  high  melting-point. 

Table  No.  57. 
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The  energy  supplied  by  the  device  is,  by  the  resistance  of  the 
wire,  transformed  into  heat,  and  serves  to  raise  the  temperature  of 
the  entire  apparatus  to  a  useful  limit.  All  such  devices  may  be  cal- 
culated by  the  methods  already  indicated,  due  consideration  being 
given  to  the  conducting  power  of  the  enamel,  in  which  the  heating 
part  of  the  circuit  is  embedded.  Some  heating  contrivances,  how- 
ever, designed  to  operate  upon  alternating  current  circuits,  take 
advantage  of  the  work  done  by  hysteresis  in  rapidly  alternating  mag- 
netic cycles.  For  devices  of  this  kind,  it  is  hardly  necessary  to  state 
that  the  preceding  calculations  do  not  apply.  ' 

886.  Cost  of  Bleotrioal  Heating.  —  The  cost  of  electrical  heating 
in  its  various  forms  is,  probably,  the  most  important  factoi' hi  the 
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development  of  this  branch  of  industry.  Probably  electrical  heating 
has  its  widest  development  in  the  warming  of  street-cars  during  the 
cold  season  of  the  year.  Car-heaters  operated  by  coal  cost  from 
115.00  to  $25.00,  with  an  installation  expense  of  S1.50.  With  fuel 
at  $4.50  per  ton,  and  labQr  S1.50  per  day,  the  cost  of  car-heating  by 
fuel  stoves  is  about  16  cents  per  day  of  24  hours.  Per  contra,  elec- 
tric heaters  cost  from  $35.00  to  $40.00,  and  the  expense  for  current 
amounts  to  from  30  to  40  cents  per  day  in  moderate  weather,  and 
from  60  to  80  cents  per  day  in  the  coldest  weather.  These  figures 
are  based  on  fuel  at  $3.00  per  ton  at  the  generating-station.     For 

Table  No.  58. 
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cooking  by  electricity,  it  is  found  that  an  ordinary  oven  requires 
about  25  amperes  at  110  volts,'a  frying-pan  2i  amperes,  a  flat-iron 
from  2  to  8  amperes,  and  a  soldering-iron  from  2  to  8  amperes.  It 
isclaimed  that  ordinary  meat  can  be  roasted  in  an  electric  oven,  sup- 
plied with  25  amperes,  in  from  7  to  8  minutes  per  pound  of  meat 
introduced.  For  heating  water,  the  cost  under  the  present  rates  for 
current,  averages  about  2  to  5  cents  per  gallon  of  water  heated.  An 
ordinary  oven  is  entailed  with  an  expense  of  from  8  to  6  cents  per 
hour.  Under  these  circumstances,  if  the  electrical  current  be  esti- 
mated at  an  expense  of  $60.00  per  H.P.  annum  of  400  hours,  it 
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would  correspond  to  coal  at  96.00  a  ton,  which  is  not  very  different 
from  the  actual  expense  to  small  consumers. 

88a.  Fuse  Wirea  —  Electrical  circuits  are  protected  against 
overloading,  in  the  majority  of  cases,  by  the  interposition  at  various 
points  of  short  pieces  of  fusible  metal  so  designed  that  a  slight 
access  of  current  above  the  normal  amount,  for  which  the  circuit  is 

Table  No.  59. 
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calculated,  will  melt  the  fuse,  and  afford  protection  from  further  in- 
jury by  opening  the  leads.  The  first  experimental  determination  of 
the  constants  for  fuse  wires  was  made  by  Mr.  Preece  in  1884 ;  the 
investigation  showed  that  the  relation  between  the  diameter  of  the 
wire  and  the  fusing  current  is  expressed  by  the  equation,  — 

1=.  ad\  (136) 

in  which  a  is  a  constant  for  a  given  metal  or  alloy.  In  1890  con- 
tinued investigation  by  Mr.  Preece  (published  in  the  Electrical  En- 
gineer)  showed  that  the  following  values  for  a  should  be  assumed :  — 


Copper   .    .    . 

Ahiminuin  .  . 
Platinum  .  . 
Gennan  Silver. 


2580 
1900 
1873 
1277 
1202 


Platinoid 1178 

Iron 777.4 

Tin 406.6 

Alloy  (Tin  1,  Lead  2) .      825.6 
Lead 340.6 


These  values  indicate  the  current  in  amperes  required  for  fusing 
>  cylindrical  conductor  of  one  centimeter  in  diameter,  of  each  of  the 
materials  named.    Still  more  recent  data  by  the  same  author  are  com- 
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Table  No.  61. 
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Table  Na  62. 
Na  OF  AMPERES 
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piled  in  Table  No.  60.  The  more  fusible  metals,  such  as  lead,  tin,  or 
bismuth,  or  alloys  of  various  proportions  of  them,  are  chiefly  used  for 
fuse  wires ;  and  great  difficulty  has  been  experienced  in  obtaining 

Table  No.  63. 
no.  of  amperes 


,,„! 

1 

1 

S       i 

i      i 

S        ! 

i      I 

s  s 

"^ 

V 

\ 

\ 

,\ 

^ 

^ 

o 

c 

-^ 

^ 

^ 

^1, 

PI 

z 

6 

z 

D 

\ 

^^ 

k 

r- 

t 

\ 

^ 

^ 

k 

g 

s 

S 

^. 

^ 

z 

> 

m 

^^ 

N 

^\ 

° 

4 
m 

\^ 

a 

z 

o 

e» 

c 
£2 

a 

veritable  ratings.  As  each  manufacturer  used  different  proportions 
of  the  alloying  ingredients,  designating  them  simply  by  trade  num- 
bers, and  as  usually  different  batches  from  the  same  maker  possess 
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T^ryisg  melting-potiits,  oving  to  differences  in  coRtposittoo.  no  rules 
c:}uld  be  given  for  fuse  wiresy  be^'ood  the  arbitnir)'  directions  c^'  the 
cioJEer.  Mr.  Bathurst,  in  the  EltKttkat  Wim^J,  has  gi\'en  the  results 
oc  a  recent  investigation  of  the  subject,  deducing  the  results  gi\'en  in 
TuLES  Xos.  61.  62,  and  63. 

nr.  The  terminab  to  which  the  fuse  is  connected  exervise  a 
venr  marked  effect  upon  the  fusing-point,  especially  when  the  fuse  is 
of  short  length.  Some  cxperimoits  made  hy  Mr.  C  P.  Matthews  of 
Cornell 'University  indicate  the  relation  which  e.\ists  betvre«n  the 
length  of  a  fuse  and  the  amount  of   current   required  to  melt  tt. 

Table  Na  64. 
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These  relations  are  plotted  in  Table  No.  64.  For  the  curve  A  in 
this  table  the  axis  of  X  indicates  the  length  of  the  fuse  between 
terminals,  while  the  axis  of  Y  gives  the  fusing  current  in  amiwros 
for  each  length.  For  example,  it  will  be  noted  that  a  fuse  eight 
inches  in  length  requires  a  current  of  6.6  amperes,  while  a  half-inch 
fuse  of  the  same  material,  tin,  carries  a  current  of  12.5  amperes  ; 
thus  showing  a  variation  of  more  than  100  per  cent  in  the  carrying 
capacity  of  the  fuse,  produced  simply  by  the  effect  of  its  length. 
The  terminals  act  to  conduct  away  the  heat  developed  in  the  fuse  by 
the  passage  of  the  current,  and  to  dissipate  the  same,  so  that  the 
heat  energy  developed  is  not  allowed  to  act  upon  the  safety  device. 
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The  curves  B  and  C  in  Table  No.  64  indicate  the  effect  of  inclosing 
the  fuse  wire  in  a  glass  tube,  in  order  to  concentrate  the  heat  action. 
The  in  closure  acts  to  check  radiation  and  convection,  and  so 
depresses  the  carrying  capacity,  causing  the  fuse  to  fail  with  a 
smaller  current.  Manifestly,  fuses  should  be  selected  with  reference 
to  the  kind  of  fuse  block  in  which  they  are  to  be  used,  as  a  closed 
block  would  evidently  require  a  larger  fuse  than  one  freely  exposed 
to  the  atmosphere. 

The  effect  of  time  during  which  the  current  acts,  also  ekercises 
an  important  factor  in  the  behavior  of  fuse  wires.     Table  No.  64 


Table  No.  65. 
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indicates  the  importance  of  this  factor.  Curve  A'  indicates  the 
behavior  of  a  fuse  under  a  current  causing  failure  in  twenty  seconds, 
B'  under  a  current  causing  failure  in  ten  seconds,  while  curve  'C ' 
is  the  rating  of  the  fuse.  The  results  of  Mr.  Matthews's  experiments 
on  tin-lead  alloys  are  embodied  in  Tables  Nos.  66  and  67.  The 
tests  on  the  actual  compositions  given  in  Table  No.  66  indicate  that 
the  mixture  used  quite  closely  followed  the  formula,  —  I  =  ad\,  from 
which,  for  the  alloys  given,  the  breaking  current  for  various  sizes  of 
wire  may  be  found.  The  fusing  constant  for  unit  wires  of  lead-tin 
alloys  was  determined  and  plotted  in  Table  No.  67.  From  this  curve, 
the  current  to  fuse  any  alloy  of  lead  and  tin  may  be  ascertained,  and 
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by  substituting  in  Formula  (136)  the  limiting  current  deduced  for 
any  wire. 

888.    It  has  also  been  ascertained  that  the  behavior  of  the  fuse 

Table  No.  66. 
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Table  No.  67. 
e  WlM  Oimn.  Lead  and  Tin  Allofi. 
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wires  under  alternating  currents  appears  to  be  different  from  that 
under  a  continuous  current. 

Experience  has  shown  that  the  action  of  the  alternating  current 
seems  to  have  a  disintegrating  effect  upon  the  fuses,  which  causes 
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them  to  blow  more  readily  after  use,  thus  necessitating  a  con- 
stant renewal  of  the  fuses,  and  supervision  over  the  circuits.  From 
investigation  by  Mr.  Sturtevant  of  Cornell  University,  it  would 
seem  that  the  alternating  current  exercises  an  action  upon  the  fuse 
wire,  which  causes  some  molecular  change,  probably  making  the  wire 
crystallize,  and  causing  the  fuse  to  become  brittle.  As  a  result  of 
this  change,  the  fuses,  after  a  short  time,  were  found  to  fail  with 
a  lower  current  on  an  alternating  circuit  than  caused  them  to  yield 
when  they  were  first  introduced.  These  experiments  indicate  a 
grave  objection  to  the  use  of  fuse  wires  as  protectors  for  alternating 
circuits,  from  the  fact  that  if  when  first  introduced  they  have  only 
such  a  reasonable  margin  of  safety  as  will  save  the  circuit  from 
injury  from  overloading,  they  will  inevitably  fail  after  a  short  use, 
thus  adding  largely  to  maintenance  expense,  and  to  the  interrup- 
tions to  the  service.  On  the  contrary,  if  the  fuses  are  introduced 
of  sufficient  size  in  the  beginning  to  have  a  long  life,  they  will 
not  protect  the  circuits  from  overloading  in  the  early  days  of 
their  introduction.  Other  investigators  question  these  conclusions, 
and  it  is  probable  that  additional  experiment  is  needed  to  settle  the 
question. 

889.  Fourth,  The  Heating  of  Insulated  Cablea  —  Mr.  Ken- 
nelley's*  investigations,  as  given  in  a  recent  paper  to  the  Association 
of  Edison  Illuminating  Companies,  have  also  extended  to  the  calcula- 
tion of  the  temperature  that  insulated,  sheathed,  or  armored  cables 
will  probably  attain  when  subjected  to  the  passage  of  a  current.  The 
simplest  case  is  that  of  a  solid,  cylindrical  conductor  having  a  radius 
r,  surrounded  by  an  insulated  covering  of  radius  r',  over  which  a  lead 
sheath  or  armor  wire  is  laid,  the  whole  cable  being  placed  in  such 
a  location  that  the  sheath  is  maintained  at  the  constant  temperature 
of  the  surrounding  medium,  as,  for  example,  in  the  case  of  a  subma- 
rine cable,  The  temperature  attained  by  the  conductor  will  depend 
upon  the  amount  of  energy  transformed  into  heat  in  the  core,  and 
on  the  resistance  offered  to  diffusion  of  this  heat  by  the  surround- 
ing envelope  of  insulating  covering.  If  the  insulator  had  no  thermal 
resistance,  the  heat  would  evidently  be  diffused  and  carried  away  as 
fast  as  it  was  produced.  The  transference  of  heat  energy  taking 
place  between  any  two  planes,  separated  by  a  uniform  medium,  is 

1  Papn  before  t)>e  EdiMn  Illuminating  Compvilei,  August,  1893. 
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governed  by  laws  similar  to  those  that  apply  to  electrical  circuits. 
So  the  amount  of  heat  passing  depends  on  the  difiference  of  thermal 
potential  between  the  planes,  the  geometrical  form  of  the  medium 
separating  the  planes,  the  specific  thermal  resistance  of  the  medium, 
and  the  time  during  which  the  thermal  potential  acts.  If  tf  is  the 
temperature  of  the  coolest  plane,  and  /  that  of  the  warmest  one,  then 
/  —  0  is  the  thermal  potential  tending  to  cause  heat  energy  to  pass 
from  one  to  the  other,  which,  for  strict  accuracy,  should  Ik  referred 
to  the  Centigrade  scale  of  the  air  thermometer.  If  /  be  the  distance 
between  the  planes,  5  the  cross-section  of  the  separating  medium, 
and  p '  the  specific  thermal  resistance,  then,  — 

P  i 
H  being  expressed  in  gramme  calories.     If  /  and  T  are  units  of 
length  and  time,  then,  — • 

H~S^'~^ ,        and        (/_tf)-jy^.  (137) 

The  similarity  between  this  formula  and  that  for  the  current  in 
an  electrical  circuit  is  evident.  In  fact,  H  can  be  termed  the  Heat 
current.  For  a  cable  having  a  conducting  core  of  radius  r  and  a 
coating  of  insulation  r' ,  Mr.  Kennelly  shows  that  the  resistance  to 
the  heat  current  will  be  — 

JL  log,  tL  _  .159  p'  log,  -^ ;  (138) 

therefore,  the  heat  current  will  be  — 

ir ^-^^ -,     /-0-jy/'.169p'Iog,£.'\i  (139) 

.159  /,'  log,  -^  \  *"  / 

but  ^  =  .24  I^R,  whence,  —  

t-% 

(140) 


'"V.ff^.l59p'log.£^) 


To  simplify,  let  - 

A^t-9,  and        .9  B.159f>'log,  — t 
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880.  From  this  formula,  the  carrying  capacity  of  a  submarine 
cable  may  be  calculated  when  the  geometrical  dimensions,  thermal 
resistance,  and  permissible  core  temperature  are  known.  Unfortu- 
nately, data  on  specific  thermal  resistance  are  very  meager;  tests  on  a 
Siemens  cable  indicated  the  thermal  resistance  to  be  750  units,  while 
tests  on  cables  buried  in  sandy  soil  give  50  as  a  mean  for  specific 
resistance  for  the  earth.  Additional  data,  so  far  as  can  be  ascer- 
tained, are  given.  Table  No.  68.  With  due  regard  to  the  preserva- 
tion of  insulation,  the  core  temperature  should  never  be  allowed  to 
rise  over  60°  to  66"  C. ;  and  as  the  temperature  of  the  cable  environ- 
ment may  reach  30°  to  35°  C,  there  remains  a  possible  difference  in 
temperature  of  36°  C. 


Table  No.  68. 
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891.  Conduit  Cables.  —  Conduit  cables  differ  from  submarine 
cables  to  the  extent  that  the  sheath  is  not  exposed  to  the  cooling  of 
a  water  circulation,  and  therefore  the  sheath  more  nearly  approxi- 
mates to  the  core  temperature.  In  other  words,  the  ground  or  con- 
duit interposes  an  additional  thermal  resistance  to  the  diffusion  of 
heat.     Calling  the  ground  thermal  resistance  B',  — 

The  value  of  B'  is  given  by  the  formula,  — 

B'  =  .159  p"  log,  Vn*  -  n*,  (143) 

in  which  p"  is  the  ground  thermal  resistance,  and  «  the  ratio  of  the 
depth  of  the  center  of  the  cable  below  the  top  of  the  soil,  to  the 
radius  of  the  outside  of  the  cable.  For  a  conduit  cable,  then,  for- 
mula (141)  must  include  B',  and  will  stand, — 

(144) 


.J         ^  . 
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993.  The  Bffeot  of  Adjacent  Cablee.  —  When  several  cables 
occupy  adjacent  ducts  of  a  conduit,  or  are  buried  in  the  same  trench, 
the  temperature  attained  by  each  will  depend  in  part  on  the  amount 
of  heat  it  receives  from  its  neighbors.  Elach  cable  may  be  regarded 
as  a  center  of  radiation,  the  surrounding  soil  being  imagined  as 
divided  into  a  number  of  cylindrical  layers  of  increasing  diameter 
and  decreasing  temperature.  The  effect  on  neighboring  cables  may 
be  ascertained  by  determining  the  temperature  of  the  cylinder  in 
which  the  affected  cable  rests.  For  this  purpose,  Mr.  Kennelly  gives 
the  following  Table,  No.  60,  the  left-hand  column  giving  the  prob- 
able temperature  to  be  found  in  the  successive  cylindrical  layers  in 
per  cent  of  the  sheath  temperature  of  the  cable  at  the  center ;  while 
the  right-hand  column  indicates  the  distance  in  centimeters  of  the 
layers  from  the  center. 

Table  No.  69. 
Tvapentve  Belrtlgiia  of  Helglibartns  nutorgrormd  ObUm. 


Pttamtv 

PcruQUlo 

PerMnugt 

Horiioaul  Difc 

afSheiih 

EIcTltlOD. 

Aia.    Cm. 

Elcntioa. 

Axa.    Cm. 

ElfTititn. 

Aid.    Cm. 

w 

3.U 

n 

UM 

30 

M.0 

m 

,      3.S3 

K 

2S 

71.2 

BO 

ao 

SI  .8 

80 

tsit 

« 

28.88 

TB 

7J» 

¥> 

XM 

10 

188,1 

10 

44.38 

\\.n 

898.  Snspended  Cables.  —  There  only  remains  to  consider 
heavily  insulated  sheathed  cables  suspended  in  air.  Such  cases  are 
presented  by  cables  that  are  in  part  on  pole  lines,  or  that  are  com- 
pelled to  pass  for  some  distance  through  a  large  vault  or  subway.  The 
limiting  current  for  an  aerial  cable  is  obtained  from  the  formula,  — 


'  s/m 


£+- 


(146) 


in  which  e  is  the  total  heat  emission  per  unit  of  area  of  the  sheath. 
With  due  regard  to  the  safety  of  the  cable,  the  temperature  of  the 
sheath  should  not  rise  more  than  20°  or  30"  above  the  atmosphere ;  for 
that  range  e  may  be  assumed  as  sensibly  constant,  and  its  value  deter- 
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mined  from  equations  on  page  28T,  and  /  determined  by  substitution 
in  aW). 

8M.  Oonoentrlo  OftbUs.  — The  case  of  concentric  caUes,  where  one 
conductor  is  entirely  surrounded  by  another,  heat  being  evolved  in 
both  conductors,  may  be  treated  as  an  aggravated  case  of  "Adjacent 
Cables,"  and  calculated  accordingly.  Large  factors  of  safety  should, 
however,  be  allowed,  as  many  factors  enter  into  the  heating  problem 
that  are  as  yet  not  comidetdy  determined. 
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CHAPTER    XIII. 

COZTDUCTORB  FOR  AIiTBBKATIITa  CURRBNTS. 

Art.  886.  Oeneral  ConsideratiotiB.  —  When  alternating  cur- 
rent circuits  commenced  to  attain  a  commercial  importance,  they 
were  proportioned  according  to  Ohm's  formula  and  Joule's  formula, 
as  given  in  the  preceding  chapter;  but  resuJts  experimentally  deter- 
mined indicated  wide  departures  from  these  laws.  Sometimes  the 
current  in  the  conductors  was  much  less  than  that  which  would  be 
expected  from  the  electro-motive  force  and  resistance  of  the  circuit. 
In  other  cases,  electro-motive  forces  absorbed  by  the  circuits  were 
far  in  excess  of  the  product  of  the  current  and  the  resistance  of  the 
conductor ;  and  the  product  of  the  current  in  amperes,  and  the  elec- 
tro-motive force  in  volts,  failed  to  give  the  amount  of  energy  in  watts. 
Where  more  than  one  electro-motive  force  operated  upon  a  circuit, 
the  resulting  dectro-motive  force  was  sometimes  found  to  be  greater 
than  the  algebraic  sum"  of  the  electro-motive  forces,  and  in  other 
cases  to  be  less.  When  branch  circuits  were  used,  the  currents  in 
the  respective  branches  did  not  divide  proportionally  to  the  resist- 
ance, thus  causing  the  anomaly  of  the  sum  of  the  currents  in  the 
branch  circuits  to  be  sometimes  greater  than  the  total  current  in  the 
main  circuit,  and  sometimes  less.  In  other  peculiar  instances  it  was 
found  that  the  electro-motive  force  at  the  terminals  of  long  lines  of 
mains  was  greater  than  the  impressed  electro-motive  force  given  by 
the  generator  at  the  beginning  of  the  circuit.  It  became,  therefore, 
essential  to  more  carefully  study  the  distribution  of  current  and 
potential  in  alternating  circuits,  in  an  endeavor  to  reconcile  these 
anomalies  with  the  laws  of  the  conservation  of  energy. 

896.  In  the  constant  current  circuit,  the  office  of  the  generator 
is  to  produce  at  one  point  in  the  conductor  a  constant  and  steady 
elevation  of  electrical  potential.  A  familiar  comparison  may  be 
made  to  the  case  of  an  air-blower,  or  fan.  The  office  of  the  fan  is 
to  create  a  certain  elevation  of  air  pressure  ;  and  the  quantity  of  the 
resulting  current  of  air  depends  entirely  upon  the  friction,  or  resist- 


ly  Google 


392  THE  KLECTRICAL    TRANSMISSION  OF  ENERGY. 

ance,  of  the  pipes  or  ducts  through  which  the  air  flows.  If  the  pipe 
leading  from  the  fan  be  entirely  closed,  the  revolution  of  the  fan- 
wheel  simply  increases  the  air  pressure  inside  of  the  fan-casing ;  and 
as  the  inclosed  air  revolves  with  the  moving  wheel,  little  or  no 
energy  is  consumed  beyond  that  required  to  overcome  the  friction 
of  the  bearings,  and  no  current  of  air  is  transmitted.  By  opening 
the  air-pipe  a  current  of  air  is  immediately  established,  the  quantity 
of  which  depends  directly  upon  the  resistance  of  the  pipe.  The 
energy  of  this  air-current  is  directly  proportional  to  the  product  of 
the  pressure  given  by  the  fan  and  the  quantity  of  the  air  flowing; 
and,  consequently,  the  energy  absorbed  by  the  fan  is  in  a  like  man- 
ner proportional  to  the  aforementioned  product.  A  dynamo  oper- 
ating upon  an  open  circuit  is  occupied  only  in  raising  the  electrical 
potential  between  the  brushes ;  and,  as  the  circuit  is  open,  no  energy 
is  expended  in  the  circuit,  and  no  energy  is  absorbed  by  the  dynamo, 
excepting  that  necessary  to  overcome  the  frictional  resistances  of 
the  machine  itself  On  'closing  the  circuit  through  a  varying  resist- 
ance, the  energy  delivered  by  the  generator  to  the  circuit  is  directly 
proportional  to  the  product  of  the  current  and  the  electro-motive 
force,  while  the  current  is  inversely  proportional  to  the  resistance ; 
also  the  energy  absorbed  by  the  generator  is  correspondingly  pro- 
portional to  the  same  quantities.  In  the  continuous  current  gener- 
ator, the  electro-motive  force  produced  is  a  constant  and  unvarying 
quantity.  With  the  alternating  current  generator,  the  electro-motive 
force  is  a  constantly  varying  quantity,  causing  the  current  to  vary  in 
a  like  manner,  in  which  variation  may  be  found  the  origin  of  the 
previously  mentioned  anomalies. 

807.  Clasaifloation.  —  The  apparent  discrepancy  between  the 
distribution  of  current  and  potential  in  an  alternating  current  circuit, 
and  the  apportionment  as  indicated  by  the  laws  of  Ohm  and  Joule, 
may  be  conveniently,  for  investigation,  divided  into  three  parts :  — 

Case  1.    Skin  Effect. 

Case  2.   Inditclaftce. 

Sec.  a.    Effect  of  Inductance. 

Sec.  b.   Effect  of  Mutual  Inductance. 

Case  8.    Capacity. 

These  divisions  will  now  be  separately  treated. 

398,    Case  1 :  Skin  Effect  —  Current  Densit?.  —  According  to 
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the  latest  theories  regarding  the  nature  of  electricity,  it  is  believed 
that  electrical  disturbance  is  due  to  elastic  reactions  set  up  in  the 
ether.  In  dielectric  bodies  the  ether  is,  as  it  were,  confined  and 
prevented  from  moving.  In  conductors,  on  the  contrary,  the  ether 
particles  find  themselves  at  liberty,  and  are  more  free  to  move  under 
the  stresses  set  up  by  electrical  action.  A  conductor,  therefore,  may 
be  simply  regarded  as  a  hole  in  the  dielectric,  through  which  the 
stresses  set  up  between  the  ether  particles  can  relieve  themselves 
more  freely.  Assuming  the  truth  of  this  supposition,  it  is  evident 
that  the  dielectric,  rather  than  the  conductor,  is  worthy  of  interest 
and  investigation.  Thus,  in  the  case  of  an  alternating  current,  the 
dielectric  is  stressed  first  in  one  direction  and  then  in  the  other. 
With  a  continuous  current,  however,  the  stress  would  always  be  in 
the  same  direction.  In  the  latter  case,  the  ether  particles,  finding 
themselves  in  the  neighborhood  of  a  conductor,  would,  so  to  speak, 
soak  into  the  wire,  and  there  relieved  from  the  confining  action  of 
the  dielectric,  would  be  enabled  to  move  and  adjust  themselves  to 
the  stress  imposed  by  the  generator.  Evidently  some  time  must  be 
required  for  this  action  to  take  place.  With  an  alternating  current, 
however,  the  ether  particles  are  alternately  stressed  first  in  one 
direction  and  then  in  the  other ;  and  if  the  reversals  occur  so  fre- 
quently as  to  prevent  the  ether  particles  from  penetrating  the  con- 
ductor, it  is  obvious  that  the  interior  of  the  wire  will  not  be  subjected 
to  electric  action,  and  will  be  of  little  or  no  service  as  a  conductor. 
An  analogy  to  this  phenomenon  may  be  obtained  in  alternately 
heating  and  cooling  a  body.  Consider  a  round  copper  rod  (one  of 
the  best  conductors  of  heat)  to  be  alternately  plunged  with  great 
rapidity  first  into  a  furnace  and  then  into  a  freezing  mixture.  The 
first  effect  of  the  furnace  is  to  heat  intensely  the  exterior  of  the  rod, 
and  by  conduction  all  portions  of  the  metal  tend  to  assume  the  same 
temperature.  This,  however,  requires  time ;  and  if,  before  the  heat 
energy  can  proceed  to  the  central  portion  of  the  rod,  it  be  plunged 
into  the  freezing  mixture,  the  effect  of  the  furnace  is  annulled,  and 
the  conductor  tends  to  become  chilled.  Thus,  it  is  conceivable  that, 
if  the  alternations  be  sufficiently  rapid  in  proportion  to  the  speed  of 
conduction,  the  interior  of  the  body  could  never  be  affected,  no 
matter  how  intense  the  source  of  either  heat  or  cold.  So,  with  an 
alternating  current,  if  the  reversals  are  extremely  rapid,  the  outer 
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layers  of  the  conductor  only  are  affected,  and  the  electrical  action 
commonly  known  as  "  A  Current "  is  confined  to  the  surface  of  the 
conductor.  If  the  conductor  be  large  and  the  reversals  quite  rapid, 
the  exterior  only  plays  a  part  in  the  transference  of  energy.  Owing 
to  this  restriction  of  the  current  to  the  surface  of  the  conductor,  it  is 
plain  that  the  interior  becomes  of  no  value  for  the  purpose  of  power 
transmission,  and  that  calculations  as  to  the  resistance  of  the  circuit 
must  be  based  solely  upon  that  portion  of  the  cross-section  that  is 
affected  at  each  reversal.  Evidently  the  resistance  ts  increased  in 
proportion  to  the  restriction  of  the  conductor,  and  this  in  turn  is 
proportional  to  the  frequency  of  the  reversals.  The  extra  resistance 
entailed  by  lack  of  penetration  of  the  energy  into  the  body  of  the 
conductor  is  chiefly  noticeable  with  wires  or  cables  of  large  size,  and 
may  readily  be  practically  obviated  by  using  a  stranded  conductor,  in 
which  the  interior  strands  are  frequently  brought  to  the  surface,  or 
one  formed  of  strips,  in  which  the  various  component  parts  of  the 
conductor  are  brought  into  close  proximity  with  the  dielectric,  in 
order  that  they  may  be  more  fully  exposed  to  the  penetrating  influ- 
ence of  the  energy.  This  phenomenon  of  increased  resistance  has 
been  treated  from  a  mathematical  standpoint  by  Lord  Kelvin,  Lord 
Rayleigh,  and  Mr.  Heaviside ;  but  the  mathematical  discussion  tran- 
scends the  scope  of  this  volume.  Professor  Gray,'  in  his  Absolute 
Measurements  in  Electricity  and  Magnetism,  shows  that  the  effec- 
tive resistance  to  rapidly  alternating  currents  may,  without  sensible 
error,  be  represented  by  the  ohmic  resistance  of  a  cylindrical  shell  of 
certain  thickness,  on  the  outside  of  the  conductor,  throughout  which 
the  current  density  is  sensibly  constant.  The  following,  Table 
No.  70,  gives  the  thickness  of  copper  and  iron  shells  to  be  assumed 
in  calculating  the  apparent  resistance  of  alternating  circuits  :  — 
Table  No.  7a 


FniQumcv. 

Thickkus  of  Shili.  ih  Ch.                     1 

Ow"- 

Iron. 

SO 
130 
160 
300 

iSI 

.ogrs 

.OTSS 
SMV 

ass\ 

1  AbietuU  Afnunmiutili  in  BUarieity  ani  MagmUtm,  voL  li.,  put  i,  p.  33S. 
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A  consideration  of  these  data  indicates  the  futility  of  employing 
thick,  wire  or  cable  for  high  frequency  currents,  as  the  center  of  the 
conductor  is  valueless.  Lord  Kelvin  shows  that  the  increase  in 
apparent  resistance  due  to  unequal  current  densl^,  for  the  same 
wires,  varies  as  the  square  root  of  the  frequency,  that  is  as  v'rt.  The 
following,  Table  No.  71,  shows  the  factor  for  virtual  or  effective 
resistance  for  various  periods: 

Table  No.  71. 

'  BUn  Xfftot  Vaoton  tat  Oondnoton  Oarrrtnc  Alt«ni»ttiw  OoRmti. 


■Dd 

B.*S. 

Qmuvk 

15 

30 

2a 

S3 

40 

60 

60 

BO 

'"'       N 

V 

1  111 

I.IW 

1.206 

1.40S 

1.631 

,„, 

1.820 

2.074 

2.290      2 

rflo 

1.364 

1.62Z 

1,0*2 

1.064 

1-098 

1.223 

1.420 

i.eio 

1.766       1 

»(W 

i.oto 

1.030 

1.063 

1.084 

l.llB 

1.17B 

1.23B 

1.374 

604 

LOSS 

1.124 

1" 

1.006 

1.010 

1.020 

1.0S8 

1.062 

1.080 

I.IU 

1.181 

1.283  i    1 

397 

1.003 

1.002 

1.007 

l.OU 

1.028 

1.086 

lfl« 

1.001 

1.001 

1.002 

1.006 

i.ooe 

1.007 

l.OOS 

1.011 

1-022       1 

1V« 

1.006 

1.006 

1.010 

1.010       1 

1.001 

1.002 

1.006       1 

000 

1 

ae9.    Case  2:  induotanoe. 

Sec.  a.  —  Effect  of  Inductance. 

Magnetic  Field  Due  to  Current.  —  If  some  iron  filings  be  sprinkled 
on  a  glass  plate  placed  over  a  small  magnet,  and  the  plate  gently 
tapped  to  overcome  the  frictional  resistance  between  the  surface  and 
the  filings,  the  particles  of  iron  are  seen  to  arrange  themselves  along 
a  series  of  lines  that  form  closed  curves  extending  from  pole  to  pole 
of  the  magnet. 

400.  To  Faraday  is  due  the  conception  that  the  entire  space 
surrounding  any  magnet  is  thus  filled  with  "  Lines  of  Magnetic 
Force,"  the  filings  on  the  plate  merely  serving  to  render  the  state 
of  space  adjacent  to  the  magnet  visible  to  the  eye.  In  the  C.  G.  S. 
system  of  units,  a  magnetic  pole  is  defined  as  a  magnet  of  such 


,y  Google 


396  THE   ELECTRICAL    TRANSMISSIOff  OF  ENERGY. 

strength  as  to  repel  an  equal  and  similar  magnet  with  a  force  of  one 
dyne,  when  the  two  poles  are  placed  one  centimeter  apart.  Coulomb 
expressed  the  law  of  magnetic  action  by  the  equation  — 

F-~-,  (146) 

in  which  F  is  the  mutual  attraction  or  repulsion,  m  and  m'  the 
strengths  of  the  two  poles,  and  d  the  distance  between  them.  This 
expression  is  equivalent  to  asserting  that  the  force  between  the  poles  , 
varies  as  the  product  of  the  pole  strengths,  divided  by  the  square  of 
the  distance  separating  them.  If  both  poles  have  the  same  sign,  the 
product  is  positive ;  and,  as  repulsion  exists,  it  is  termed  a  positive 
quantity.  Conversely,  a  negative  sign  would  be  applied  to  the  force 
of  attraction  between  two  opposite  poles.  The  strength  or  inteftsity 
of  any  magnetic  field,  at  any  point,  is  estimated  by  the  effect  which 
the  field  produces  upon  a  unit  positive  magnetic  pole  placed  at  the 
point  in  question.  Imagine  a  unit  magnetic  pole  placed  at  any  point 
in  a  magnetic  field,  and  so  disassociated  from  all  matter  as  to  be 
perfectly  free  to  move.  The  direction  in  the  field  in  which  this 
hypothetical  pole  would  then  travel  is  termed  the  "  Positive  direc- 
tion "  of  the  lines  of  force ;  and  the  effort  which  the  unit  pole  would 
exert  in  its  motion  is  the  measure  of  the  magnetic  strength,  and  is 
usually  expressed  hy  H.  //'varies  from  point  to  point  in  ail  mag- 
netic fields,  though  in  large  dynamos  the  field  is  so  strong  that  H  is 
sensibly  uniform  through  the  space  under  consideration,  both  in 
direction  and  magnitude.  If,  in  every  square  centimeter  of  a  field, 
the  unit  pole  be  acted  upon  with  a  force  of  one  dyne,  there  is  said  to 
be  "one  line  of  Magnetic  Force  per  centimeter,"  and  the  field  is  said 
to  have  "  one  unit  of  Intensity."  When  the  intensity  is  H,  there  are 
H  lines  of  force  to  each  square  centimeter ;  thus  the  intensity  of  the 
magnetic  field  is  conceived  of  as  proportional  to  the  number  of  lines 
of  magnetic  force  passing  through  each  square  centimeter  of  surface 
perpendicular  to  the  direction  of  the  lines  of  force. 

401.  Suppose  a  sphere  to  be  described  about  a  unit  magnetic 
pole,  having  a  radius  of  1  cm.  The  surface  of  this  sphere  contains 
4  V  sq.  cm.  As,  by  definition,  the  unit  pole  emits  one  line  of  force 
through  each  square  centimeter,  4  «■  lines  of  force  will  emanate  from 
a  unit  pole  ;  and  from  a  pole  with  the  strength  «,  there  will  be  4  »  w 
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lines  of  force.  In  air  the  number  of  lines  is  the  same  as  the  number 
of  lines  of  magnetizing  force,  and  for  many  other  substances  this 
proposition  holds  true. 

40a.  Some  elements  possess  the  property  of  greatly  augmenting 
the  number  of  lines,  which  are  then  termed  "  Lines  of  Induction." 
This  is  notably  the  case  with  iron.  The  sum  of  all  lines  per  square 
centimeter,  normal  to  the  direction  of  the  lines,  is  termed  "The  Total 
Induction,"  and  is  denoted  by  B.  In  a  non-magnetic  medium  B=H; 
but  in  one  that  is  magnetic,  B>  H,  and  the  ratio  of  BjH  is  called 
the  permeability,  and  is  symbolized  by  ^ 

408.  Faraday  showed  that  every  circuit  carrying  a  current 
excites  a  magnetic  field  surrounding  the  conductor,  in  which  the  lines 
are  closed  circles  inclosing  the  conductor.  The  sum  of  all  the  lines  of 
force  passing  through  the  area  inclosed  by  any  electrical  circuit  is 
termed  "The  Total  Induction  of  the  Circuit,"  and,  when  the  circuit 
is  placed  away  from  magnetic  media,  is  directly  proportional  to  the 
current. 

According  to  the  C,  G.  S.  system,  a  unit  current  is  one  which, 
flowing  in  a  circuit  of  1  cm.  radius,  acts  on  a  unit  magnetic  pole 
placed  at  the  center  of  the  circuit  with  a  force  of  one  dyne  per  square 
centimeter  of  length  of  the  circuit.  The  ampere  is  one-tenth  of  the 
C.  G.  S.  unit.  If  F  be  the  number  of  lines  threading  a  circuit,  and 
/  be  the  current,  then  F  varies  as  /,  or  F  =  LI,  in  which  L  is 
termed  the  coefficient  of  inductance,  and  may  be  defined  as  the  ratio 
of  the  total  inductance  to  the  current  producing  it.  Thus,  in  a  cir- 
cuit of  2  cm.  radius,  carrying  two  units  of  current,  there  will  be 
25.12  lines  of  force  linked  with  the  circuit ;  for,  by  definition,  each 
unit  length  of  the  conductor  acts  on  a  unit  pole  at  the  center  with 
one  unit  or  one  line  of  force  per  unit  of  current.  As  the  conductor 
is  4  cm.  in  diameter,  the  length  of  the  circuit  will  be  12.56  cm. ;  and 
as  there  are  two  units  of  current  flowing,  there  will  be  a  total  of 
25.12  lines  of  force  linked  in  the  circuit. 

In  this  case  F=  25.12;  /=  2;  and  hence,  L  will  equal  -»J>j'2  or 
1 2.56.  Thus,  if  the  geometrical  dimensions  of  the  circuit  be  known, 
the  current  flowing,  and  the  permeability  of  thesurrounding  medium, 
it  is  possible  to  calculate  the  coefficient  L.  For  ordinary  cases,  L 
is  constant,  and  will  be  so  considered.  If  the  current  is  a  variable 
■one,  changing  from  time  to  time,  the  relation  of  the  current  and 
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the    induction  during  any  small   interval  of  time  is  given  by  the 
equation  —  _ 

dt  '^     dt' 

404.  EUetro-Motive  Force  due  to  Varying  Field.  —  Faraday 
proved  that,  when  a  conductor  is  so  moved  in  a  magnetic  field  as  to 
cut  the  lines  of  force,  the  conductor  becomes  the  seat  of  an  electro- 
motive force  directly  proportional  to  the  rate  at  which  the  lines  are 
cut,  and  acting  at  right  angles  to  the  direction  in  which  the  con- 
ductor moves,  so  as  to  oppose,  or  obstruct,  the  motion  of  the  con- 
ductor. From  this,  it  is  evident  that  to  move  a  closed  conductor 
in  any  magnetic  field  requires  the  expenditure  of  energy,  Faraday 
further  showed  that,  if  the  circuit  be  maintained  stationary,  and  the 
magnetic  field  varied  so  as  to  increase  or  diminish  the  number  of 
lines  of  induction,  a  similar  result  is  obtained.  Thus,  at  any  instant, 
e  =  —  dF I  dt.  In  this  equation,  e  symbols  the  electro-motive  force 
developed  at  any  instant,  while  the  negative  sign  indicates  that  the 
direction  of  this  electro-motive  force  is  such  as  to  oppose  a  change  in 
the  number  of  lines  of  induction  that  thread  the  circuit.  A  C.  G.  S. 
unit  of  E.  M.  F.  is  developed  when  there  is  a  change  in  induction 
of  one  line  per  second  ;  and  as  this  quantity  is  too  small  for  conven- 
ient use,  the  volt  is  10'  times  the  C.  G.  S.  unit. 

406.  Equation  of  Energy.  —  In  Chapter  XI.  it  has  been  demon- 
strated by  Ohm's  law  that,  for  circuits  acted  on  by  constant  E.M.Fj, 
the  current  is  _ 

in  which  E  is  the  electro-motive  force  of  the  generator,  R  the  resist- 
ance of  the  circuit,  and  e  any  opposing  E.  M.  F.s.  When  a  variable 
current  exists  in  a  circuit,  the  preceding  paragraphs  show  that  there 
is  always  an  E.  M.  F.  set  up,  due  to  the  inductance  of  the  circuit, 
that  opposes  the  E.  M.  F.  of  the  generator,  having  a  value  numeri- 
cally equal  to  — 


dt  ' 
dF  __  Zdi . 
dt  '^  dt  ' 


bat, 

hence,  '  =  -^T-  (^**' 
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The  total  energy  supplied  in  a  time  7'  to  a  circuit  is  EH  watts. 
By  Joule's  law,  it  is  shown  that  PRT  watts  are  transfomud  into 
heat  and  dissipated  by  radiation.  Throughout  an  infinitesimal  of 
time,  any  E.  M.  F.  and  any  current  may  be  considered  constant. 
Also,  by  the  principle  of  conservation  of  energy,  the  total  energy  ex- 
pended in  a  circuit  in  any  time  must  be  equal  to  the  total  energy 
delivered  to  it    The  energy  equation  is,  therefore,  for  the  time  dt — 

adt'=Ri*dt  +  Limits  (149) 

dividing  by  ft*,  e^  Jti+£^.  (160) 

In  this  equation,  a  is  any  instantaneous  value  of  the  E.  M.  F.  im- 
pressed by  the  generator  on  the  circuit ;  Ri  is  the  E.  M.  F.  expended 

di 
m  overcommg  the  ohmic  resistance  of  the  conductor ;  Z.  -^  is  the 

E.  M.  F.  required  to  balance  the  counter  E.  M.  F.  set  up  in  the 
circuit  by  the  change  initiated  in  the  magnetic  field  by  a  constantly 
varying  current, 

40a.  Expenditure  of  Energy.  —  As  the  current  variations  are  a 
consequence  of  the  varying  impressed  E.  M.  F.,  the  counter  E.  M.  F. 
of  inductance  is  directly  connected  with,  and  is  a  function  of,  the 
impressed  E.  M.  F.  As  the  current  varies  from  zero  to  a  maximum 
/,  the  energy  expended  in  heat  during  any  complete  current  cycle 
is  \  RP,  while  that  expended  in  the  magnetic  field  is  — 

C'zidi^^LI*.  (161) 

As  that  portion  of  the  energy  represented  by  J  LI*  is  intimately 
connected  with  the  nature  of  the  vari- 
ations of  the  impressed  E.  M.  F.,  it  is   ' 
now  necessary  to  closely  study  their 
phenomena. 

Let  the  diagram,  Fig.  274,  repre- 
sent a  uniform  magnetic  field,  in 
which  the  lines  of  force  are  indi- 
cated by  straight  lines  extending 
between  the  poles  N  and  S.  Suppose  A  to  be  the  cross-section 
of  a  closed  conductor  revolving  uniformly  in  the  direction  of  the 
dotted  circle.     The  rate  at  which  the  conductor  will  cut  the  force 
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lines  is  seen  by  inspection  to  vary  as  the  sine  of  the  angle  of  ro 
tation,  being  a  maximum  when  the  conductor  is  moving  across  the 
diameter  NS,  and  a  minimam  when  it  is  at  right  angles  to  this  line. 
As  the  E.M.F.  initiated  is,  at  any  instant,  numerically  equal  to  thu 
rate  of  cutting,  the  E.  M.F.  is  a  sine  function  of  the  angle  of  rota- 
tion,  passing,  in  every  revolution,  through  two  zero  points  at  B  and 
C,  and  then  through  a  positive  and  negative  maximum  at  the  inter- 
sections of  the  diameter  NS.  As  the  rotation  is  uniform,  the 
E.M.F.  is  a  sine  function  of  the  time  of  rotation.  Id  practice,  the 
curves  of  alternating  electro-motive  forces  are  found  to  closely 
approach  the  preceding  proposition ;  and  even  when  the  departure 
from  a  simple  sine  curve  is  considerable,  by  Fourier's  theorem,  it 
may  be  demonstrated  that  any  E.  M.  F.  curve  may  be  expressed  as 


flf.  2Tt.    Dtagmm  of  HmrmoiilB  KotloH. 


the  sum  of  a  series  of  terms,  each  of  which  is  a  simple  sine  function 
of  the  time  of  rotation.     Consider  now-  the  curve  of  a  sine  function. 

407.  Harmonic  Motion.  —  In  the  diagram  of  "  Harmonic  Mo- 
tion," Fig.  275,  suppose  the  line  AB  to  be  pivoted  at  the  point  A, 
and  to  revolve  about,  in  the  plane  of  the  paper,  this  point  as  a  center. 
The  end  of  the  line  B  will  trace  the  circumference  FCDE.  Assum- 
ing F  as  the  starting-point,  the  projection  of  AB  at  any  time,  on  the 
diameter  CE,  is  AB  sin  BAF.  When  B  is  at  F,  the  projection  is 
zero.  When  B  is  at  C,  AB  coincides  with  AC,  the  projection  being 
a  maximum  equal  to  the  radius  of  the  circle.  If  the  diagram  be 
viewed  edgewise,  by  placing  the  eye  in  the  plane  of  the  paper  some- 
where in  the  prolongation  of  AF,  the  point  B  will  appear  to  travel 
uniformly  backward  and  forward  along  the  line  EC  from  E  to  C. 
Such  motion  is  termed  "  Harmonic."  The  radius  of  the  circle  is  the 
amplitude,  designated  by  a,  while  the  time  7"  required  to  make  a 
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complete  revolution  is  termed  "The  Period."  Positive  rotation  is 
reckoned  as  counter-clockwise,  in  the  direction  of  the  arrow.  The 
crank  of  a  steam-engine,  when  viewed  from  a  point  in  the  line  pro- 
longing the  piston-rod,  or  the  motion  of  the  bob  of  a  clock  pendulum, 
when  seen  from  the  point  of  suspension,  are  familiar  examples  of 
harmonic  motion.  If  AB  describes  any  angle  ^  in  a  time  /  seconds, 
the  angular  velocity  denoted  by  »  is  — 

-S ,        or         A  =  W, 
/ 
where  <■>  is  the  angle  described  in  a  unit  of  time ;  also,,  as  the  entire 
circumference  is  described  in  the  time  T,  —  . 

«>  =  -jT .        and       ^  =  -^ . 

The  number  of  revolutions  in  one  second  is  1/7',  and  is  designated 
as  the  "  Periodicity,  or  Frequency,"  usually  denoted  by  n.  The  angu- 
lar velocity  may  be  expressed  in  terms  of  the  frequency ;  that  is  to 
say,  w  =  2«-«,  and  4>  =  2wnt.  Reckoning  time  from  F,  when  the 
projection  of  AB  on  AC  is  zero,  and  denoting  the  projection  on  AC 
"Y  y^  >  ~  a  sin  ^  ^  a  sin  w/. 

and  _><  is  a  sine,  or  harmonic  function  of  the  time.  If  the  time  inter- 
val be  reckoned  from  some  other  point,  say  P,  then  there  is  an  angle  & 
between  this  point  and  the  point  of  zero  projection  F.  This  angle  is 
termed  "  The  Angle  of  Epoch,"  and  the  angle  ^  -(-  tf  is  called  the 
phase.     In  this  case  ■    ,j.   i   m 

or,  ^  =  a  sin  (a/  +  6).  (152) 

408.  When  tf  is  positive,  measured  from  F  in  the  direction  of  the 
arrow,  it  is  often  called  the  "Angle  of  Advance."  When  it  is  nega- 
tive, measured  clockwise  from  F  to  some  point  P",  it  is  termed 
"The  Angle  of  Lag,"  It  is  readily  seen  that  when  the  angle  of  phase  is 
zero,  AB  coincides  with  AF,  and  the  projection  on^  is  zero.  When 
the  phase  is  90°,  and  AB  falls  along  AC,  the  projection  is  a  positive 
maximum,  and^y  =  +  a.  At  180°^  is  again  zero,  and  AB  coincides 
with  AD,  and  lastly  at  270°,  y  =  —  (Z,  a  negative  maximum  AB 
coinciding  with  AE.  With  every  revolution  this  cycle  is  repeated. 
Conceive  now  that  while  AB  is  revolving  about  A,  the  paper  be 
moved  steadily  and  uniformly  in  a  direction  contrary  to  the  arrow 
mark,  while  A  remains  stationary.      The  point  A  will  trace  a  line 
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GH,  while  the  point  B  will  trace  a  sinuous  line  KRMSO.  As  the 
motion  of  the  paper  is  uniform,  the  distances  along  GH  will  repre- 
sent intervals  of  time,  while  the  vertical  distances  between  GH  and 
the  points  of  the  curve  will  represent  successive  projections  of  AB 
on  AC.  In  the  diagram,  the  various  elements  of  the  curve  are  repre- 
sented, as  follows :  — 

Generating  point  6. 

Circle  of  revolution  FCDE. 

Axis  of  time  GH  or  axis  of  x. 

Amplitude  o  =  AB  =  AF  =  KL  —  LRT 

Angle  of  advance  6  =  PAF  =  Angle  of  epoch. 

Angle  of  lag  —  C  =  FAP". 

Angle  described  in  time  /  »  ^  ~  PAB. 

Angle  of  phase  f>  +  ^  —  FAB. 

Time  of  epoch  K/'. 

Time  of  phase  i  +  K/>'  =  Klf, 

409.  The  point  B  in  the  diagram  may  represent  the  cross-section 
of  any  one  of  the  armature  conductors  of  the  common  dynamo,  and 
so  the  path  described  by  this  and  all  other  armature  conductors  will 
coincide  with  that  in  which  B  moves.  As  the  E.M.F.  initiated  in 
each  conductor  is  proportional  to  the  rate  at  which  the  lines  of  the 
magnetic  field  are  cut,  and  as  this  rate  varies  according  to  the  sine 
of  the  angle  of  rotation,  the  sine  curve  KRMS  is  representative  of 
the  periodic  variations  of  the  E.M.F.  set  up  in  the  conductor.  As 
the  E.M.F.  is  constantly  varying,  the  current  will  be  correspondingly 
periodic,  and  the  locus  of  its  curve  will  be  a  line  similar  to  the  curve 
KRMS. 

410.  Average  Values.  —  If,  in  the  equation  — 

^  =  asin  (w/-|- tf), 
.£  or  /  be  substituted  for  a,  y  becomes  the  value  of  the  E,M.F.  or 
current  at  any  given  instant 

e  =  .£  sin  («/  +  fl) ;  (163) 

I  =  /sin  («/  +  &).  (154) 

In  practical  work  the  average  values  of  these  quantities  are  much 

more  in  demand  than   the  above  instantaneous  values.     As  a  sine 

curve  is  a  succession  of  similar  and   equal  positive  and   negative 

cycles,  the  average  ordinate  for  any  period,  or  succession  of  periods. 
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is  algebraically  zero ;  but  as  the  latter  half  of  each  period  is  the  same 
as  the  first  with  its  sign  reversed,  the  average  ordinate  for  any  half 
period  will  be  the  arithmetical  mean  ordinate.  During  a  half  period, 
indicated  by  Tj  2,  a  certain  quantity  Q  of  electricity  will  flow  through 
the  circuit,  and  the  alternating  current  may  be  compared  to  a  steady 
current  which  would  deliver  the  same  quantity  of  electricity  through- 
out the  same  circuit,  in  the  same  time.     If  9  is  this  current,  then  — 

e  =  Jy=/J'rf/;  (156) 

buli  /    =  /sin  (<o/  +  tf)  ; 

trhence  ^T=  f*  7sin(orf+ ^<*  =.  — ; 

and  %=11=  .6369  T.  (156) 

Thus  it  appears  that  a  continuous  current  necessary  to  deliver  in  the 
same  time  the  same  amount  of  electricity  as  an  alternating  one,  will 
have  .6869  of  the  value  of  the  maximum  ordinate  of  the  alternating 
current. 

411.  Alternating  currents  may  also  be  compared  to  continuous 
currents  by  noting  the  relative  thermal  or  chemical  effects  produced. 
Any  current,  whether  alternating  or  continuous,  in  traversing  a  con- 
ductor evolves  heat  at  a  rate  which  is  measured  by  ^RT.  The 
readings  of  a  Cardew  voltmeter  are  obtained  by  noting  the  heating 
effect  produced  in  a  long,  even,  high  resistance  wire.  As  the  ther- 
mal effect  is  proportional  to  the  square  of  the  current,  and  as  the 
current  is  proportional  to  the  voltage,  it  is  evident  that  the  instru- 
ment really  measures  the  mean  square  of  all  the  instantaneous 
current  values  that  occur  while  the  measurement  is  being  made ;  and 
if  the  relation  of  the  mean  square  to  the  maximum  value  be  known, 
the  readings  of  the  voltmeter  will  furnish  the  necessary  data  to 
calculate  the  E.M.F.  curve.  By  Joule's  law,  the  heat  evolved  is 
3?RT;  hence,  during  half  a  period,  — 

¥R  -?  =  r^  '■^'*  i  (15T) 

replacing  i  by  its  value  from  equation  (1&4),  —        A 


%*R  ~  =  J?/*  r^  sin*  (o>t  +  9)^. 
3=  4  =  .707  7. 
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Thus  it  appears  that  the  arithmetical  t^ean  electro-motive  force  or 
current  is  less  than  that  indicated  by  the  Cardew  voltmeter,  or  other 
similar  instrument ;  for,  from  equation  (156),  the  arithmetical  mean 
is  ,6869 ;  and  from  the  preceding  equation  (158),  the  square  root  of 
the  mean  squares  is  .707,  and  the  difference,  .071,  is  about  ten  per 
cent-  Having  the  voltmeter  readings,  the  maximum  electro-motive 
force  may  be  obtained  by  multiplying  the  voltmeter  value  by  \A\h. 
4ia.     The  Solution  of  the  Energy  Equation, 

A.    CIRCUITS  CONTAINING  RESISTANCE  AMD  INDUCTANCE. 

Having  thus  considered  the  elementary  properties  of  the  cant 
of  harmonic  motion,  the  way  is  prepared  for  a  general  solution  o(  the 
equation  representing  the  balance  of  energy  in  an  alternating  current 
circuit.  Referring  to  Fig.  207,  assume  /  to  be  reckoned  from  F,  and 
£  =  AB,  then,  e  =  E sin  at;  also,  as  has  been  proved, — 

henM!,  Jii-\-L~  =  E  sin «/ ;  (159) 

transposing,  and  dividing  by  L,  — 

This  is  a  linear  differential  equation  of  the  first  order,  of  which  the 
general  type  is,  — 

dx  ' 
The  solution  '  of  such  an  equation  is,  — 

Substituting  the  values  of  the  coefficients  derived  from  equaiw 
(159),   and  performing  the  integration  indicated   in  the  exponents 

i  =  —e   i  j  ^Ji  sin  «/rfif  +  Cf    i. 

Integrating  by  the  rules  for  exponential  functions,*  and  reducing  W 
simplest  form.  -A 

■■?Vlife^.-(-'-'--'f)+--'- 


'-l  +  Py-Q- 
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It  can  be  shown '  that  the  constant  of  integration  which  contains  the 
exponential  term  applies  to  the  circuit  only  for  a  minute  period  of 
time  immediately  succeeding  the  first  application  of  the  E.M.F. 
This  term  may  therefore  be  disregarded  in  a  consideration  of  the 
constant  regime  of  an  alternating  current  circuit ;  the  equation  there- 
fore reduces  to  — 

R  I  T..\ 

(161) 


V^+7^ 


'(»'— -f)- 


41&     This  equation  indicates,  — 

First.  An  harmonic  impressed  E.M.F.  in  a  circuit  containing 
resistance  and  inductance  produces  a  current  that  is  a  sine  function 
of  the  periodic  time. 

414-  Second.  The  current  lags  behind  the  E.M.F.  by  an  an^e  of 
irtiich  the  tangmt  is  Lw/R. 

416.    TAird.  When  sin  (  ai*— tan"'-p- 1  =  1,  the  current  attains 

the  maximum  value,  and — 

The  quantity  Zo»  is  called  "Reactance,"  and  the  quantity  V^  +  iW, 
the  apparent  resistance  of  the  circuit,  is  denominated  "  Impedance," 
often  symbolized  byy,  and  will  be  more  fully  treated  under  the  sec- 
tions on  "Graphical  Methods."  If  this  quantity  be  substituted  for  R 
in  Ohm's  formula  when  applied  to  alternating  circuits,  his  equation 
will  hold  true. 

416.  Fourth.  If  L=  0,  the  equation  reduces  to  i  — £  sin  nt  /  R 
which  accords  directly  with  Ohm's  law.  Impedance,  as  deduced 
from  this  expression,  causes  the  current  to  lag  behind  the  impressed 
E.M.F.,  and  reduces  its  successive  values. 

417.  Fifth.   If  ye  =  0,t  =  r- sin  {(u*- 90*),  indicating  that  when 

the  resistance  is  so  small  as  to  be  ne^gible,  the  current  cannot  exceed 
B/Lw,  and  then  lags  90°  behind  the  impressed  E,M.F. 

418.  Sixth.  If  either  R  or  L  become  indefinitely  large,  the  cur* 
rent  reduces  to  zero. 

t  Fleming,  AtitmaU  Ctantnt  TVtmtformtr,  p.  109. 
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Sec.  ^.  —  The  Effect  of  Mutual  Inductance, 

418.  If  a  circuit  A  is  placed  in  such  a  manner  as  to  be  in  close 
proximity  to  a  second  circuit  B,  that  carries  an  alternating  current, 
the  varying  magnetic  field  initiated  by  the  B  circuit  will  react  on 
the  A  circuit  and  set  up  therein  an  E.M.F.  If  it  be  imagined  that 
two  circuits  are  so  close  together  as  to  occupy  the  same  space,  it  is 
evident  the  total  induction  of  the  B  circuit  will  pass  through  the  A 
circuit,  and  the  E.M.F.  set  up  in  the  A  circuit  will  be  equal  to  the 
inductance  of  the  circuit,  and  may  be  represented  by  L^.  If  the 
conditions  be  reversed,  and  the  current  be  assumed  in  the  A  circuit, 
its  inductance  will  act  in  a  similar  manner  on  the  B  circuit,  with  an 
effect  to  be  measured  by  Z._j .  Now,  if  current  flows  in  both  cir- 
cuits, each  will  react  upon  the  other,  proportionally  to  the  current  in 
each.  In  this  hypothesis,  the  two  circuits  are  assumed  to  be  so 
close  together  that  all  the  lines  of  force  generated  by  each  will  be 
linked  with  the  other,  and  the  coeflficient  M  of  the  mutual  inductance 
may  be  defined  as  "The  total  induction,  linked  with  both  the  cir- 
cuits, divided  by  the  sum  of  the  currents  in  both  circuits."  If,  as 
in  the  previous  supposition,  two  circuits  are  supposed  to  coincide  in 
space,  it  is  evident  that  — 

M  <  or  — Z^, 

M  <ox  —  L,; 
therefore,  M*<  or  —  L^L^. 

and  the  maximum  possible  value  of  M  is  the  square  root  of  the  pro- 
duct of  the  inductances. 

B.    THE  GENERAL  EQUATION  OF  ENERGV  FOR  MUTUALLY  INDUCTIVE  CIRCUITS. 

420.    For  a  simple  circuit  having  resistance  and  inductance  in 

series,  the  energy  equation  has  two  terms,  R^  denoting  the  portion 

di 
transformed  into  heat,  and  Li  -7  measuring  the  amount  expended  in 

the  magnetic  field.  When  there  are  two  or  more  circuits  in  close 
proximity,  a  portion  of  the  magnetic  field  created  by  each  will  be 
employed  in  inducing  an  E.M.F.  in  the  other  circuits,  and  may  be 
measured  by  the  product  of  the  coefficient  of  mutual  inductance  and 
the  current.  Consider  the  case  of  two  circuits  A  and  B  with  im- 
pressed E.M.F.S  E^  and  Eg,  with  resistances  Rj^  Rg,  inductances 
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l-A  ^a>  currents  /j  1^,  and  a  mutual  inductance  M,  then  for  circuit 
A  the  energy  equation  is  — 

E^dt  —  Rtl/dt  +  L^Ijiil^  +  Mljdl,;  (163) 

and  for  B, 

Egiit  —  Ii,I,*dl  +  Lt/gdl,  +  MI^I^ ;  (164) 

adding, 

(£j  +  ^,)  aSf  =  (J^//  +  ^,/,»)  rf/  +  LJJI^  +  L,I^T,  +  M{I^dI, 
+  -VA).  (165) 

The  first  term  on  the  right-hand  side  of  equation  (165)  is  the  heat- 
ing effect,  the  second  and  third  are  the  energies  expended  in  induc- 
tance, while  the  fourth  is  that  due  to  mutual  reaction ;  but  the  second^ 
third,  and  fourth  terms  form  the  exact  differential  of  — 


Z,// 


-YMI^I,, 


and  the  equation  for  the  circuits  reduces  to  — 

■ffi  +  ■£.  =  i  {LJa  +  LmQ  +  MI^I,  -^JiJ*  +  Ji^,*.  (166) 
An  extension  of  the  same  process  may  be  used  when  there  are 
more  than  two  circuits.  Usually  alternating  circuits  can  be  so 
designed  and  erected  as  to  reduce  mutually  inductive  effects  to  so 
small  values  that  they  may  be  neglected.  Exceptions  occur  in  the 
construction  of  dynamo  machinery.  Rarely  more  than  two  circuits 
are  involved,  and  usually  only  one  of  the  two  is  subjected  to  an 
impressed  E.M.F.  In  such  cases  the  presence  of  iron  renders  the 
introduction  of  the  permeability  factor  /*  essential.  This  subject 
will  be  further  expanded  in  the  sections  on  Graphical  Methods. 

421.  Coefficients  of  Inductance.  —  Conformably  with  the  C.  G.  S. 
system,  inductances  are  lengths,  and  theoretically  can  be  com- 
puted from  the  geometrical  relations  of  the  circuit.  As  the  process 
of  calculation  is  sometimes  tedious,  the  most  useful  values  are  here 
appended.  Several  units  have  been  in  vogue  for  inductance.  Eng- 
lish and  Continental  electricians  have  been  in  favor  of  adopting  the 
terra  "  secohm  "  or  "  quad,"  being  the  equivalent  of  1,000,000,000  cm. 
of  length  or  an  earth  quadrant.  In  this  country  the  term  "  Henry  "  is 
authorized  for  the  same  value.  In  many  respects,  inductances  be- 
have like  resistances,  absorbing  from  the  circuit  a  certain  amount  of 
energy.  Unlike  resistance,  this  energy  is  not  transformed  into  heat ; 
but  in  some,  at  present    unknown,  manner,  is  stored   in  the  mag- 
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netic  field,  and  when  the  circuit  is  interrupted,  appears  in  the  form 
of  the  well-known  extra  current.  In  the  following  values,  the  cir- 
cuits are  assumed  to  be  of  non-magnetic  material,  and  to  be  immersed 
in  a  non-magnetic  medium,  in  which  the  permeability  y.  =  \\  when 
the  composition  of  the  circuit,  or  when  the  circuits,  are  adjacent  to 
materials  in  which  the  permeability  differs  from  the  above  values, 
the  necessary  permeability  factor  must  be  introduced  in  all  of  the 
formula;.  In  the  expressions,  C.  G.  S.  units  are  employed,  1  (length), 
d  (distance),  r  (radius),  all  in  centimeters  ;  and  the  values  obtained  for 
the  coefficients  are  likewise  in  the  same  unit.  To  reduce  these  values 
to  "henrys,"  the  value  of  L  should  be  divided  by  1,000,000,000. 
The  currents  also  are  in  C.  G.  S.  units,  and  must  be  changed  where 
amperes  are  used,  by  multiplying  by  the  proper  value.  Mutual 
inductance  is  symbolized  by  M,  and  self  inductance  by£  (see  p. 612). 
422.  First.  Inductance  of  a  circuit  of  two  long  parallel  copper 
wires  of  ladius  r,  and  Interaxial  distance  i  per  unit  of  length 


=  -'(•' 


+  21og.5 


When  the  length  of  the  circuit  is  /,  or  half  the  length  of  the  < 
ductor  measured  around  the  loop,  the  total  inductance  is  — 


';'=2/f  .5 


428.    Second.  Coil  of  a  single  layer;  /=length  of  coil,  »=nimiber 
of  turns,  f  =  radius  of  coil. 

L-      ^      . 

424.     Third.  Coil  of  several  layers;   /—length  of  coil,  ii<°Tadius 
of  outer  layer,  f  =  radius  of  inner  layer,  «=  number  of  turns. 

i-l^'(X-rKJ!--f'). 

42B.    Fourth.   Coil  in  the  form  of  a  ring;  A  =radius  of  the  ring, 
a —  radius  of  the  coU,  «  —number  of  turns. 

428.    Fifth.  If  a  second  coil  be  formed  on  the  first,  having  m 
turns  of  wire,  the  mutual  inductance  is — 

M  =2mt«(A  -  v'.A'-o'). 
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427.    Sixth.  Two  wires  wound  parallel  to  each  other,  having  a 
kngth  I,  and  radii  r  and  f,  and  havii^  a  distance  between  centers  of  h. 


a(.5+log.^). 


428.    Seventh.  Mutual  inductance  of  two  concentric  coils.;   /  — 
lo^th,  the  outer  one  having  m  turns,  the  inner  one  n,  and  a  radius  of  r, 

M J 

488.    Eighth,  Two  circles  each  of  a  radius  r,  parallel  to  each 
iither,  and  separated  by  a  distance  d,  have  a  mutual  inductance  of — 


^-*'^['  +  s5+---]'*ir-<'''[^ 


48a  Case  3  ;  Bfteot  of  Capaoit?.  —  If  any  very  carefully  insu- 
lated conductor  be  connected  to  any  source  of  electrical  energy,  a 
uniform  distribution  of  potential  rapidly  takes  place,  all  parts  of  the 
conductor  presently  arriving  at  that  of  the  source  of  supply.  Exper- 
iment and  theory  indicate  that  the  change  in  the  potential  of  the 
different  parts  of  the  conductor,  necessary  to  accomplish  the  condi- 
tion of  potential  equality  with  the  source,  is  accompanied  by  the 
transfer  of  a  certain  quantity  of  electricity.  If  the  potential  of  the 
source  is  greater  than  that  of  the  conductor,  the  transfer  is  from  the 
source  to  the  conductor,  while  if  the  converse  be  true,  the  electrical 
movement  is  in  the  inverse  direction.  The  amount  of  electricity 
which,  under  these  circumstances,  can  be  received  by  a  body  meas- 
ures its  "Capacity."  In  the  C.  G.  S.  system  the  capacity  of  a  body 
is  measured  by  the  quantity  of  electricity  that  is  absorbed  during  an 
increase  of  potential  of  one  C.  G.  S.  unit,  between  the  body  receiving 
the  charge  and  that  of  its  surroundings.  The  unit  of  capacity  is  the 
Farad,  and  is  that  amount  of  capacity  which,  when  charged  with  one 
coulomb  of  electricity,  will  exhibit  a  difference  of  potential  of  one 
volt.  So  large  a  capacity  as  a  farad  exists  only  in  imagination  ;  for 
the  capacity  of  the  earth  is  only  about  .0007  farad,  and  that  of  the 
sun  .076  farad.  Practically,  the  Microfarad,  or  the  one-millionth  of 
a  farad,  is  usually  employed. 

The  capacity  of  any  conductor  depends  upon  its  size  and  shape ; 
and  upon  the  size,  shape,  proximity,  and  state  of  insulation  of  neigh- 
boring bodies  ;  and  the  nature  of  the  dielectric  that  separates  them. 
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Also,  as  electricity  behaves  as  if  it  possessed  elasticity,  capacity  i% 
not  a  constant  quantity,  but  depends  upon  the  potential  acting  in  the 
circuit.  By  increasing  the  surface  of  the  conductor,  and  decreasing 
the  distance  separating  it  from  neighboring  conductors,  capacity  is 
augmented.  Arrangements  of  conductors  to  attain  the  greatest  pos- 
sible capacity  are  called  "  Condensers,"  of  which  the  common  Leyden 
Jar,  or  a  collection  of  metal  plates  separated  by  thin  sheets  of  dielec- 
tric, are  familiar  e^iamples.  The  capacity  of  a  condenser  may  be 
determined  from  the  formula '  — 

in  which  ^  is  the  area  of  the  plates,  d  the  distance  between  them, 
C  being  the  capacity  in  electrostatic  units. 

481.  Suppose  a  simple  circuit  containing  a  condenser  in  series 
with  resistance.  During  the  first  few  infinitesimals  of  time  succeed- 
ing the  establishment  of  difference  of  potential  at  any  part  of  the 
circuit,  electricity  flows  into  the  line  and  is  absorbed  by  the  con- 
denser. During  the  time  of  charge,  the  difference  of  potential  at  the 
terminals  of  the  condenser  gradually  rises  until  it  equals  that  of  the 
generator,  and  then  the  flow  of  current  stops.  A  parallel  example 
could  be  drawn  by  imagining  a  steam-boiler  to  be  connected  by  a 
long  pipe  to  a  tank,  or  reservoir.  On  opening  the  valve  the  steam 
will  flow  into  the  tank  until  the  pressure  in  the  tank  equals  that  of 
the  boiler,  when  the  flow  will  cease.  Also,  the  higher  the  boiler 
pressure,  the  greater  the  quantity  of  steam  that  will  be  forced  into 
the  tank.  When  the  pressure  is  equalized  no  further  flow  takes 
place,  excepting  a  slight  transfer  necessary  to  compensate  for  con- 
densation or  leakage.  As  no  electric  circuit  is  perfectly  insulated, 
the  parallel  js  still  closer,  as  after  the  condenser  is  charged  there 
still  remains  a  slight  flow  to  compensate  for  poor  insulation  and 
dielectric  leakage. 

432.  Now,  consider  the  case  of  an  alternating  current  circuit, 
under  an  harmonic  E.M.F.,  that  with  every  cycle  constantly  varies 
between  a  plus  and  minus  maximum.  Throughout  one  part  of  the 
cycle  the  current  is  gaining  strength  from  the  minus  maximum  to 
the  plus  maximum,  and  the  difference  of  potential  at  the  terminals  of 
the  condenser  is  thereby  being  constantly  increased.    Throughout  the 

I  S«e  Baiker-s  Pkytiii,  p.  500. 
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Other  half,  as  the  impressed  E.M.F.  is  decreasing,  the  condenser  is 
discharging  itself  into  the  circuit,  and  returning  some  of  the  energy 
previously  absorbed.  .  If,  in  the  steam-boiler  example,  the  pressure 
in  the  boiler  be  imagined  to  undergo  a  periodic  variation,  there  would 
be  backward  and  forward  flow  between  the  boiler  and  the  tank,  and 
the  tank  and  boiler,  in  each  cycle. 

Throughout  every  period  of  any  alternating  circuit,  a  certain 
quantity  of  electricity  is  set  in  motion  by  the  impressed  E.M.F. 
Manifestly,  if  a  condenser  of  sufficient  size  to  absorb,  under  the  poten- 
tial of  the  impressed  E.M.F.,  this  quantity  of  electricity,  the  presence 
of  such  a  condenser  in  the  circuit  will  not  effect  the  apparent  quan- 
tity of  the  current.  By  definition,  capacity  is  a  function  of  the  acting 
E.M.F.,  or  in  other  words,  the  potential  at  the  terminals  of  the  con- 
denser is  proportional  to  the  charge  if  contains.  Hence,  the  poten- 
tial at  the  condenser  terminals  in  any  such  circuit  is  an  harmonic 
sine  function  of  the  period  of  the  circuit;  and  the  condenser  acts  to 
introduce  into  the  circuit  an  additional  E.M.F.,  of  which  the  account 
must  be  taken  in  a  consideration  of  current  and  potential  distribution. 

433.  The  Solution  of  the  Enerey  Equation  for  Cirouit  with 
Capaoit7. 

O.  CIRCUITS  CONTAINING  RESISTANCE  AND  CAPACITY. 

As  the  capacity  of  a  condenser  is  the  amount  of  electricity  in 
one  conductor,  when  there  is  a  unit  difference  of  potential  between 
the  pair  of  conductors  forming  the  combination,  the  charge  q  at  any 
other  potential  E  will  be —  _ 

C  being  the  capacity  of  the  condenser.  The  energy  W  expended 
in  charging  a  condenser  can  be  shown*  to  be  (*'=  i#*/ C;  differ- 
entiating,-  jw-lf.  '  (16S) 

The  total  energy  delivered  to  a  circuit  in  a  time  dt  is  eidt.  When 
there  exist  resistance  and  capacity  but  no  inductance,  this  quantity 
must  be  spent  in  heat  and  in  charging  the  capacity.  The  heat 
expenditure  is  measured  by  RiMt.  That  stored  in  the  condenser  is 
„  'i^d 
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With  a  current  *  flowing  for  a  time  dt,  a  quantity  of  electricity 
idt  will  pass  into  the  condenser,  hence  — 

idt~dq,  or  q=  Cidt\  (i70\ 

therefore,  eidt~  Ri*dt-\-y:idt  Cidt ; 

■  dividing  by  idt,  — 

e~Ri-^  ^f'dt.  (Vti) 

an  eq'Jation  resembling  that  applying  to  circuits  containing  resistance 
and  inductance.  Differentiating  to  get  rid  of  the  sign  of  integration, 
and  transposing,  — 

d/        Rdl  ^  RC 
Remembering  that  ^  =  £"  sin  at,  and  employing  a  similar  method 
of  solution  to  that  indicated  on  p.  S24,  and  neglecting  the  constant 
of  integration,  - 

r. ._  /  „,     1      \ 

a") 


'   ;      "    1    "'■('«'+'«''~'-^7=r)- 


484.     This  equation  indicates  — 

First.  Thai  an  harmonic  impressed  E.M.F.  in  a  circuit  contain- 
ing resistance  and  capacity  gives  rise  to  a  current  that  is  an  hai-- 
monic  sine  function  of  the  periodic  time, 

4S5.  Second,  The  current  is  in  adz'once  of  the  E.M.F.  by  an 
angle  of  which  the  tangent  is  1  /  RCai. 

480.  7"A(Vi/.  When  sin{a*/ +  tan->l/J?Ctt()  becomes  unity,  the 
current  attains  its  maximum  value,  and  — 


The  quantity  V.ff*  +  1  /  C^t^  is  the  apparent  resistance  of  the  cir- 
cuit, termed  "Impedance,"  often  symbolized  hy  J,  and  will  be  more 
fully  treated  in  the  sections  on. "  Graphical  Methods."  If  this  quan- 
tity be  substituted  for  R  in  Ohm's  formula,  the  equation  will  hold 
true  when  applied  to  alternating  currents.  1  /  Cw  is  the  "  Reactance 
of  the  Circuit." 

487.  Fourth.  When  C  diminishes  to  0,  i  becomes  0.  Such  a 
condition  obtains  when  the  size  of  the  conductor  is  inde&nitely  de- 
creased, or  the  thickness  of  the  dielectric  indefinitely  increased. 
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4se.    Fijtk.  If  ^  =  0,  the  equation  reduces  to 

'  =  Y^  8™  t"'  +  **°)  "  f^"^  sin  (W  +  90"),  (174) 

sho-wing  a  current  90°  in  advance  of  the  impressed  E.M.F.,  with  a 
maximum  value  numerically  equal  to  CtoE.  If  the  resistance  of  the 
circuit  be  so  small  as  to  be  negligible,  the  above  condition  is  attained 
when  the  condenser  is  short -circuited. 

489.    Sixth.  If  R  increases  to  infinity,  *  reduces  to  0.  but  if  £7  in- 
creases, tan~'  -^vT"  decreases,  and  at  (T  »  oo    the  formula  becomes 
CRm 

i  =  E I Rsin  tot,  thus  reducing  to  Ohm's  equation,  with  the  current 
in  phase  with  the  impressed  E.M.F.  Such  a  condition  occurs  when 
the  thickness  of  the  dielectric  is  reduced  to  zero,  and  the  condenser 
plates  touch  each  other.  The  interpretation  of  this  result  is  found 
in  the  statement  that  under  such  circumstances  no  charge,  no 
matter  how  large,  can  produce  any  difference  of  potential  between 
the  plates.  Making  the  condenser  infinitely  large  is  equivalent  to 
removing  it  from  the  circuit.  Compare  these  deductions  with  those 
derived  from  equation  (161). 

The  symbol  w  has  been  employed  as  an  abbreviation  of  2w« ;  but 
this  quantity  is  the  distance  traveled  by  the  generator  point  B  (see 
Fig.  275)  in  one  second  of  time,  when  the  radius  of  the  generating 
circle,  or  amplitude,  is  unity.  When  the  amplitude  has  any  other 
value,  it  must  be  introduced  into  the  above  expression.  As  both 
inductance  and  capacity  are  expressed  in  units  of  length,  the  expres- 
sions for  the  reactance  ioj,  or  %rHL,  and  1  /  Cm,  or  1  /  ^vnC,  are  dis- 
tances. If  L  and  C  be  thought  of  as  the  radii  of  the  generating 
circle,  Lm  and  1  /  Cw  are  values  of  the  speed  at  which  the  generating 
point  is  traveling.  Mr.  ^ennelly  has  very  aptly  termed  these  values 
the  "  Inductance  Speed "  and  the  "  Reciprocal  of  the  Capacity 
Speed." 

RESISTANCE, 

440.     In  the  energy  equation  for  a  circuit  with  resistance  and 
inductance,  — 

nforf  — tan-'-^y 
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Suppose  L<a  to  be  equal  to  L'to  +  ^"*'  then  — 

^  .    ( 

-  sm  I  0)/  —  tan~' 


',  for  L"vi  substitute  —  IjCoi 


aCa./-tan-'^'"  +  -^"°*V 


y  ^  +  f  z'w  — 


=  sm[-./  +  taa-'^^      '^)] 


441.   This  equation  indicates  — 

First.  That  both  current  and  charge  are  simple  hartnonic  func- 
tions, and  may  either  lag  behind  the  impressed  E.M.F.  or  be  in  ad- 
vance of  it,  depending  as  to  whether  Z'w  >  or  <  I  /  Coi,  the  algebraic 
sum  of  these  quantities  determining  the  tangent  of  the  angular  rela- 
tion of  the  current  and  impressed  E.M.F, 

Second.  If  L'tit  =  1/C(u,  the  two  quantities  neutralize  each 
other,  and  the  current  is  in  phase  with  the  E.M.F.;  the  equation 
then  reduces  to  — 

It  is  thus  evident  that  a  judicious  relation  of  inductances  and  capaci- 
ties may  be  employed  to  adjust  the  angular  relation  of  current  and 
E.MF.  in  any  desired  fashion. 

Third.  When  the  sine  becomes  unity,  the  maximum  value 
of  ti.o  current  is  reached,  as  — 


The  qiantity  — 


is  the  "Impedance  of  the  Current,"  and  behaves  like  a- resistance; 
for  when  this  quantity  is  substituted  for  R  in  Ohm's  formula,  it 
applies  perfectly  to  alternating  circuits.  The  quantity  Z'o»  —  ^  is 
the  "  Reactance,"  to  be  more  fully  treated  in  the  paragraphs  on 
"Graphical  Methods." 

Fourth.  Either  R,  L,  or  C  may  vary  from  0  to  oo ,  and  resulting 
current  determined  by  the  principles  already  indicated  as  applying  to 
the  limits  of  these  quantities. 
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Fifth.  In  a  circuit  containing  resistance,  inductance,  and  capacity, 
the  impressed  E.M.F.  is  expended  in  balancing  three  quantities:  the 
heat  losses,  measured  by  ^/';  the  reactance  due  to  inductance,  esti- 
mated by  Luil;  and  that  due  to  capacity,  equal  to  I/Ca.  It  is  easy 
to  see  that  I/Ca>  can  have  such  a  value  as  to  cause  this  com- 
ponent of  the  E.M.F.  to  exceed,  numerically,  the  impressed 
E.M.F. 

442.  While  the  preceding  equations  demonstrate  mathematically 
the  behavior  of  a  circuit  under  the  action  of  a  periodicaliy 
varying  E.M.F.,  it  may  aid  the  mental  picture  one  forms 
of  what  is  believed  to  take  place  to  reason  something  as 
follows : 

To  produce  a  current  an  E.M.F.  is  necessary,  so  the  first  thing 
that  happens  is  the  application  of  the  E.M.F.  As  the  current  is 
the  result,  the  E.M.F.  must  antedate  it,  though  the  time  interval 
between  them  may  easily  be  believed  to  be  less  than  any  assign- 
able quantity,  or  zero. 

The  establishment  of  a  current  is  accompanied  by  the  creation 
of  a  magnetic  field  in  the  space  about  the  conductor,  whose  lines  of 
force  as  they  come  into  being  cut  the  conductor  aud  set  up  another 
E.M.F.  By  Art.  404  this  E.M.F.  of  self-induction,  the  inductive 
reactance,  or  the  inductance,  as  it  is  variously  called,  is  opposed  to 
the  original  E.M.F. ;  hence  the  applied  E  M.F.  must  do  two  things: 
it  must  drive  the  current  against  the  ohmic  resistance  and  it  must 
overbalance  the  counter  E.M.F.  set  up  by  magnetic  field  that 
accompanies  the  current;  so  at  each  instant  the  impressed  E.M.F. 
must  be  as  much  greater  than  that  demanded  by  Ohm's  Law  as 
may  be  needed  to  overbalance  the  E.M.F.  of  self-induction.  Nu- 
merically the  latter  is  ^nn .  LI. 

Fig.  275  shows  the  impressed  E.M.F.  to  vary  along  the  line 
VRO.  If  the  E.M.F.  varies,  the  current  will  vary;  if  part  of  the 
applied  E.M.F.  is  expended  in  balancing  the  counter  E.M.F.,  the 
maximum  current  cannot  occur  at  exactly  the  same  time  as*  the 
maximum  E.M.F.  ordinate,  but  will  be  enough  later  to  allow  the 
impressed  E.M.F.  to  grow  sufficiently  to  overcome  both  the  ohmic 
resistance  and  inductance.  Therefore  the  current  is  said  to  1^ 
behind  the  E.M.F. 
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As  the  number  of  lines  of  force  which  appear  or  disappear  in  any 
Interval  of  time  depends  upon  the  time  rate  of  change  of  the  current 
during  that  interval,  the  intensity  of  the  magnetic  field  created  by 
the  current  will  be  greatest  when  the  current  is  changing  most 
rapidly,  or  at  points  O,  jf/'and  O  when  the  curve  OMO  represents 
current.  Hence  a  curve  which  represents  the  E.M.F.  of  self-induc- 
tion wilt  have  its  maximum  ordinate  at  points  0,  Jf  and  O  when 
current  ordinates  are  zero,  and  the  inductive  E.M.F.  is  said  to  lag 
90  degrees  behind  the  curreut,  or  to  be  in  quadrature  with  it.  As 
the  inductance  is  due  to  the  magnetic  field  created  by  the  current, 
the  ordinates  of  the  E.M.F.  curve  will,  at  every  point,  be  pro- 
portional to  the  current  curve  but  in  opposition,  and  the  inductance 
will  tend  to  retard  the  growth  of  the  current  when  the  latter  is 
increasing,  and  augment  it  when  it  is  decreasing. 

Consider  a  circuit  containing  capacity.  Under  an  impressed 
E.M.F.  current  will  flow  into  the  condenser  until  (by  Arts,  431  and 
432)  the 'accumulating  charge  causes  the  E.M.F.  across  the  terminals 
of  the  condenser  to  balance  the  E.M.F.  applied  to  the  circuit  that 
tends  to  charge  the  condenser.  Then  the  current  will  cease  to 
flow.  When  the  ordinate  representing  the  E.M.F.  over  the  terminals 
of  the  condenser  is  a  maximum,  the  current  ordinate  is  zero,  and 
vice  versa;  so  the  current  and  condenser  E.M.F.  ordinates  are  90 
degrees  apart. 

Thus  it  has  been  shown  that  the  maximum  E.M.F.  of  inductive 
reactance  and  the  maximum  E.M.F.  over  the  capacity  occur  when 
the  current  ordinate  is  zero,  and  also  when  the  E.M.F.  of  inductive 
reactance  is  increasing  the  current  is  decreasing  and  conversely; 
obviously  these  two  E.M.F.'s  are  ISO"  apart.  The  effect  of  capacity 
is  therefore  to  introduce  a  negative  reactance.  This  is  often  called 
"  Condensance." 

443.  O-rowth  of  Current. — There  are  some  noteworthy  con- 
sequences of  the  preceding  relationships:  Suppose  an  E.M.F.  be 
applied  to  circuit  containing  both  resistance  and  inductance,  the  full 
flow  of  current  cannot  instantly  take  place,  but  a  sensible  interval  of 
time  must  be  allowed  for  the  current  to  grow.  At  the  moment  of 
the  application  of  the  E.M.F.  there  is  no  current.  Assume  time 
to  be  measured  from  this  instant;  required  the  amount  of  current  at 
any  time,  /  seconds  thereafter. 
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From  Art.  405, 

„.  ,  Ldi 

if-Ri)dt  =  Ld$; 

e  —  Rt 

Integrate  to  any  value  of  /  and  solve  for  /,  which  Is  then  the 
current  value  t  seconds  after  application  of  the  E.M.F., 

This  equation  shows  that  the  current  gradually  rises  along  a 
Ic^arithmtc  curve  after  the  E.M.F.  is  applied.  Theoretically  it  will 
never  reach  its  ultimate  value ;  practically  E  ^  becomes  negligible 
after  a  very  small  interval  of  time.  The  quantity  =  is  known  as 
the  time  constant  of  the  circuit,  and  the  larger  this  ratio  the  greater 
the  time  consumed  by  the  current  in  reaching  its  (approximate)  full 
value.     As  a  numerical  illustration,  assume  a  circuit  in  which 

£  =  100  volts, 

^  =    10  ohms, 

i  =     .2  henrys, 
to  find  the  curve  representing  current  growth.      Substituting  these 
values  the  preceding  formula  becomes 


/=  10(1  - 

E      ). 

and  the  relation  between  t  and  /is  as  follows: 

tlBKCDUb. 

/b»»p«.. 

f  iDlKOBdL 

/InuDp™. 

.090 

.on 

7.00 

.100 

8,90 

By  the  same  process  of  reasoning  it  can  be  shown  that  when  the 
E.M.F.  is  interrupted  the  current  does  not  immediately  cease,  but 
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continues  to  flow  for  a  perceptible  interval  of  time,  gradually  decay- 
ing along  a  It^arithmic  curve  whose  ordinates  are  complementary  to 
those  shown  above.  Similarly  the  growth  and  decay  of  the  current 
in  circuit  containing  capacity  can  be  deduced,  and  are  found  to 
consist  of  a  corresponding  logarithmic  curve, 

444.  Power  in  A.C.  Clroolta. — It  has  been  shown  that  the  power 
transmitted  by  a  D.C.  circuit  is  measured  by  the  product  of  the 
applied  E.M.F.  and  the  current  or  E.I.,  but  in  an  alternating 
current  circuit  containing  either  inductance  or  capacity,  or  both, 
such  a  rule  needs  qualification.  Asa  portion  of  the  applied  E.M.F. 
is  occupied  in  counterbalancing  the  reactive  E.IJ.F.  (that  of  induct- 
ance or  condensance),  the  product  of  the  applied  E.M.F.  and  cur- 
rent gives  results  which  are  too  large  by  such  a  proportion  of  the 
impressed  E.M.F.  as  is  occupied  in  overcoming  the  reactive  E.M.F. 
An  inspection  of  Fig.  275  shows  that  that  fraction  of  the  impressed 
E.M.F.  which  accompanies  the  current  and  is  employed  in  over- 
coming the  ohmic  resistance,  corresponding  to  the  E.M.F.  of  a  D.C. 
circuit,  is  proportional  to  the  cosine  of  the  angle  of  lag  or  lead. 
This  is  often  called  the  Power  Electro-Motive-Force ;  so  if  £'  symbol- 
izes the  power  electro-motive-force, 

£'  =  £  cos  9, 

and  by  using  this  value  the  power  conveyed  by  an  alternating 
current  can  at  once  be  found,  and  is  E'l  cos  B. 

^         .     EI 

The  ratio  Trrr 

hi 

is  the  relation  between  the  apparent  watts  (the  volt-amperes)  and 
the  true  watts  or  actual  power  delivered,  and  is  usually  called  the 
Power  Factor.  This  leads  to  an  easy  method  of  measuring  the 
angle  between  the  current  and  applied  E.M.F,  for 


El  -  ""'    ' 

and  all  that  is  necessary  is  to  measure  the  volt-amperes  (with  a 
voltmeter  and  an  ammeter)  and  simultaneously  the  true  watts  (with 
a  watt -meter),  take  the  quotient,  and  look  up  the  angle  in  a  table  of 
natural  cosines,    (see  page  610). 
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446.  Beaonance. — The  important  lesson  is  that  the  relative 
amounts  of  inductance  and  capacity  exercise  a  most  power- 
ful influence  on  an  alternating-current  circuit,  and  the  engineer  has 
it  in  his  power  to  balance  one  against  the  other  to  almost  any  desired 
extent.  It  is  impossible  theoretically  to  do  more  than  neutralize  an 
inductance  by  a  capacity,  or  conversely,  thus  leaving  the  circuit  fi-ee 
from  all  impedance  save  that  of  ohmic  resistance.  Practically  even 
this  result  cannot  be  fully  achieved,  for  no  inductance  is  completely 
free  from  ohmic  resistance,  and  there  is  no  known  dielectric  for  a 
condenser  that  is  exempt  from  some  waste  of  energy  in  an  at  present 
mysterious  molecular  action,  so  the  E.M.F.s  of  inductance  and 
condensance  can  never  be  exactly  in  quadrature  with  the  current, 
but  lag  or  lead  by  angles  which  are  a  little  less  than  90  degrees,  so 
all  the  energy  stored  in  the  magnetic  field  and  the  condenser  is 
never  fully  returned  to  the  circuit.  But  when  inductance  and  capacity 
approximately  neutralize  each  other  some  very  startling  results  may 
take  place,  which  from  analogy  to  a  similar  acoustic  phenomenon 
are  termed  Electrical  Resonance. 

Electric  transmission  is  believed  to  take  place  by  a  series  of 
waves ;  hence  every  circuit  can  have  a  natural  period  of  vibration  of 
its  own.  If  an  E.M.F.  be  applied  to  a  circuit  for  an  instant,  a  wave 
moves  along  it,  is  reflected  from  the  ends,  and  travels  backward  and 
forward  until  the  impressed  energy  is  finally  frittered  away  as  heat. 
An  analogous  phenomenon  can  be  observed  by  striking  a  long 
wooden  rod  with  a  hammer;  a  pulse  will  travel  backward  and  for- 
ward along  the  rod,  being  successively  reflected  from  each  end 
until  the  energy  delivered  by  the  blow  is  expended  in  sound  and 
heat.  The  period  of  vibration  of  the  rod  depends  upon  its  elasticity 
and  density.  The  electrical  analogues  of  fi-iction,  inertia,  and  elas- 
ticity are  resistance,  inductance,  and  capacity.  Now  if  an  E.M.F. 
is  applied  to  a  circuit,  a  wave  is  started  which  will  travel  backwards 
and  forwards  in  such  a  time  as  is  determined  by  the  natural  period 
of  vibration.  If  the  impressed  E.M.F.  is  an  alternating  one,  and  if 
its  periodicity  is  the  same  as  the  natural  period  of  the  circuit,  every 
wave  of  the  applied  E.M.F.  will  coincide  with  a  natural  wave  and 
tend  to  augment  it.  The  operation  is  exactly  the  same  as  that  of  a 
swing.     By  means  of  a  single  push  the  swinger  attains  but  a  small 
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amplitude,  while  a  series  of  properly  timed  repeated  impulses  will 
soon  carry  him  through  a  long  arc. 

In  circuits  having  inductance  and  capacity  in  series  the  natural 

2        

period  of  vibration  is  closely  given  by  the  formula  T  =    -^     ViC, 

in  which  T  is  the  time  of  one  vibration  in  seconds,  Z  is  in  henrys. 

and  C  in  microfarads.     If  in  any  circuit  the  frequency  of  the  gen-  . 

erator  is  such  as  to  closely  agree  with  the  natural  period,  there  may 

be  an   enormous  rise  in  voltage,  for  if  it  were  not  for  resistance, 

which   dissipates  some  energy  in    heat   during  each  swing,  there 

would  be  no  limit  to  this  cumulative  effect.     The  relation  between 

initial  voltage  and  that  due  to  resonant  eflect  can  be  approxi- 

nLE 
mately  found  by  the  expression  £'  =  — jp-,  in  which  £'  is  E.M.F. 

of  resonance  and  E  the  applied  E.M.F. ,  while  n,  L,  and  R  are  re- 
spectively the  frequency,  inductance,  and  resistance.  In  series  cir- 
cuits there  may  also  be  localized  elevations  of  voltage,  say  over  the 
terminals  of  the  inductance,  or  the  condenser.  Such  perturbations 
are  easily  calculated,  for  the  drop  in  voltage  over  any  part  of  the 
circuit  is  equal  to  the  reactance  multiplied  by  the  current,  and  must 
always  be  reckoned  with,  and  insulation  designed  not  merely  to 
resist  the  normal  difference  of  potential,  but  sufficient  to  withstand 
the  localized  increase  in  voltage. 

446.  A  numerical  may  illustrate   more  concretely.     Assume  a 
circuit  in  which 

£  =  1000  volts.  2jr«i=Z.<»=2x3.141fiX60X.2=75.4ohms. 

"=^**^>^'"^2-^=A=2x3.1415x60x.00008S=^^-^^^  ohms. 

^  =  30  ohms. 

L  =  200  millihenrys  =  .2  henrys. 

C  =  38  mf.  =  .000035  farads. 

Suppose  R,  L,  and  C  to  be  capable  of  any  desired  arrangement. 
1.  Resistance  only.- — If  E  =  1000  is  the  effective  E.M.F.  (as  by 
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voltmeter),  the  maximum  E.M.F.  by  which  the  insulation  is  stressed 
is.  by  Art.  411. 

1000  X  ♦'"^^  1414  volts. 

The  averf^e  E.M.F.  is,  by  Art.  411, 

1414X-6369  =  900  volts. 

1000 
The  current  will  be  /  =  "57^=  33.33  amperes,  and  as  L  and  C 

are  zero,  the  current  is  in  phase  with  the  E.M.F. ,  and  the  power 
transmitted  is  E/  =  33800  watts. 

2.  Inductance  only. — The  current  will  be 

E         1000       ,„„„ 

3.  Capacity  only. — ^^The  current  will  be 

/=  ^— =  E-AlnnC  =  IOOOX.0128  =  12.8  amperes. 
2n»(r 
In  Nos.  2  and  3  ^  =  0,  hence 

reactance       reactance 


and  the  current  is  90*  away  from  the  E.M.F.     In  No.  2  the  react- 
ance is  positive,  hence  the  current  lags  ;  in  No.  3  it  is  negative  and 
the  current  leads.     In  both  cos  9  is  0  and  the  power  delivered  is  0. 
4,   Resistance  and  Inductance. — The  current  will  be 

^  '^'^^  12.28  amperes. 


V'R*  +  (iw)*        ♦'SO'  +  75.4* 
Tan  8  (angle  between  E.M.F.  and  current) 


reactance   _  76,4 
~  resistance  ' 


and  current  lags. 
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Cos  e  —  .3697,  and  the  power  transmitted  is 

£/cos  B=  lOOOX  12.28, x.3697  =  4540  watts. 
The  drop  over  the  resistance  is  12.28X30  =  368.4  volts. 
"      "       "      "   inductance  is  13.28x76.4  =925.9  volts. 

6.  Resistance  and  Capacity. — The  current  will  be 
■^^     I  .        -x    v=  (30'  + (78.125)'  =  l^-^^  "°P^ 

Tan  $  (angle  between  E.M.F.  and  current) 

reactance       —78.126 

=  — r- =  — 5K =  3.6042  =  69^ 

resistance  30 

and  current  leads. 

Cos  $  =  .35837,  and  power  transmitted  is 

£/cos  tf=1000Xll.95X-35837=  4282  watts. 

The  drop  over  the  resistance  is  11.96x30  =  358.5  voits. 
"       "        •'       "    capacity  is  11.95x78.125  =  933.4. 

6.  Resistance,  Inductance,  and  Capacity. — The  cunent  will  be 

_£ 1000 

=  33.11  amperes. 

reactance  2.725  

Tan  e  =   -^- = 57—=  -  .0908  =  6'  \^, 

resistance  30 

and  current  leads, 

Cos  $  =  .99588,  and  power  transmitted  is 

£/cos  =  1000  X  33.11  X  .99588  =  32973  watts. 


-    ■-        *'30'+(75.4-78.135J» 
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The  drop  over  the  resistance  is  33.11  X  30  =  993.3  volts. 
"        "       "      "    inductance  is  33.11  X  76.4  =  2496.4  volts. 
"      "  capacity  is  33.11  X  78.126  =  2686.7  volts. 

In  this  case  the  potential  difference  over  the  condenser  is  over  two 
and  a  half  times  the  applied  E.M.F. 

447.  Qraphioal  Methods.  —  While  the  preceding  paragraphs 
have  given  an  outline  of  the  algebraic  treatment  of  alternating  cur- 
rent circuits  essential  to  an  elementary  conception  of  the  subject, 
the  same  problems  may  be  handled  geometrically  by  graphical 
methods.  In  many  cases,  these  methods  are  far  simpler  than  ana- 
lytical solutions,  and  always  present  the  advantage  of  appealing 
directly  to  the  eye  in  such  a  manner  as  to  insure  immediate  detec- 
tion of  error.  EUctrograpkics  has  already  received  considerable 
attention  from  many  eminent  electricians,'  to  which  the  reader  is 
referred  for  more  detailed  descriptions.  As  alternating  current  prob- 
lems are  most  conveniently  handled  by  the  use  of  vectorial  algebra, 
it  is  advisable  to  define  the  elementary  uses  of  vectors  before  pro- 
ceeding to  the  consideration  of  the  problems. 

44B.  Vector  Quantities.  —  When  the  symbols  of  ordinary  alge- 
bra are  assigned  a  definite  meaning,  they  usually  become  scalar 
quantities,  that  is,  quantities  which  simply  have  a  numerical  value, 
or  are  mere  numbers.  When  dealing  with  geometrical  magnitudes, 
it  is  not  only  necessary  to  consider  the  numerical  value  of  various 
lines,  but  also  to  consider  the  direction  of  each  line.  A  vector  quan- 
tity, therefore,  is  one  in  which  the  direction  of  the  quantity  is  con- 
sidered as  well  as  its  scalar  magnitude.  Direction  is  considered  as 
positive  when  it  is  reckoned  upwards,  and  negative  when  it  is  down- 
wards from  a  horizontal  base  tine.  Right-handed  rotation  is  negative, 
and  left-handed  positive.  Suppose  AB,  No.  1,  Fig.  276,  "Diagram 
of  Operations  on  Vectors,"  to  be  a  straight  line  of  two  units  in  length, 
inclined  at  an  angle  of  35°  to  the  base  tine  AC.  Let  DE,  No.  2,  be 
any  other  straight  line  inclined  at  an  angle  of  75°  to  the  same  base 
and  of  four  units  in  length.  These  lines  are  plain  vectors,  of  which 
the  scalar  magnitudes  are,  respectively,  two  and  four  units. 

1  See  Flendag"*  AUtrnalint  CurrtHt  Traiu/armtr;  Bbkesley's  AlUrHoiiHt  Currmti; 
Kipp"!  Djnamai,  Alltmalari,  and  Tranaformtri ;  Gfoaid't  L/fonj  sur  L'^Uclricili  ;  Kennellf 
^'iwi.  A.  I.  B.  B.,  April,  1893,  and  BUdrical  Werld,  ToL  Z2,  p.  306 ;  »ol.  23,  p.  IT  i  Rlmming- 
tn.  EUdrual  gtview  for  1893,  p.  064  ;  EmmEtt'i  AUtrnating  CurrtiU  WiriHg. 
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44ft.  — The  addition  of  vectors  is  accomplished  by  joining  them 
end  to  end  and  then  connecting  their  extremities ;  the  line  connect- 
ing the  extremities,  being  the  vector  sum  of  the  two  vectors  to  be 
added.  Thus,  to  add  AB  and  DE.  draw  A/B',  as  in  No.  8,  parallel 
and  equal  to  AB,  and  from  B'  draw  B'E'  parallel  and  equal  to  DE 
and  join  A'E'.  Then  A'E'  in  direction  and  magnitude  is  the  sum  of 
AB  and  DE.  In  this  case  AB  plus  DE  equals  5.7,  and  is  inclined 
to  the  base  line  at  an  angle  of  62°  30'. 

460.  —  Similarly,  subtraction  is  performed.  Thus,  to  perform 
the  operation  DE  —  AB,  draw,  as  in  No.  4,  D'E'  equal  and  parallel 
to  DE.  From  E'  lay  off  E'A'  equal  and  parallel  to  AB.  Join  D'A'. 
Then  D'A'  measured  positively  is  the  desired  result;  in  this  case 
D'A''  =  2.8,  and  is  inclined  to  the  base  at  101°  80'.  To  perform 
the  operation  AB  —  DE,  draw,  as  in  No.  5,  A'B'  equal  and  parallel 
to  AB.  From  B'  draw  HE',  negatively,  equal  and  parallel  to  DE. 
Join  A'E'.  In  this  case  A'E'  has  the  same  numerical  value  as  in 
No,  4,  but  it  is  a  negative  quantity,  and  not  a  positive  one,  as  in  No. 
4.  Also  in  No.  4  the  angle  of  inclination  is  positive  and  101°  80', 
"while  in  No.  5  it  is  negative  and  is  78°  30'. 

461.  —  Multiplication  of  vectors  is  performed  by  multiplying  the 
scalar  magnitudes  and  taking  the  sum  of  their  angular  directions. 
Thus,  the  product  of  AB  and  DE  is  the  plain  vector  FG,  No.  6, 
equal  to  2  x  4  =  8  units  in  length,  and  inclined  85  -I-  75  —  110''  to 
the  base  line. 

462.  —  Conversely,  division  is  performed  by  dividing  the  scalar 
magnitudes,  and  taking  the  difference  of  the  angles.  Thus,  in  No, 
7,  DE  /  AB  =  4  /2  =  2,  inclined  at  an  angle  of  75°  -  86°  =  40°  to 
the  base  line.  Also,  in  No.  8,  AB  /  DE  =  2  /  4  =  .6,  inclined  at  an 
angle  of  35°  -  76° 40°. 

468.  —  The  reciprocal  of  the  vector  is  a  plain  vector  having  a  scalar 
magnitude  equal  to  the  reciprocal  of  the  scalar  of  the  original  vector, 
but  inclined  to  the  base  line  at  the  same  angle  as  the  original  vector. 

464.  —  The  solution  of  the  following  problems  will  now  be  given  : 

1.  Composition  and  resolution  of  electro-motive  forces. 

2.  Electrical  properties  of  simple  circuits  with  one  resistance 
and  one  inductance  in  series. 

a.  The  resistance  variable. 

b.  The  inductance  variable. 
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8,  Electrical  properties  of  simple  circuits  with  several  resist- 
ances and  inductances  in  series. 

4.  Electrical  properties  of  simple  circuits  with  one  resistance 
and  one  capacity  in  series, 

a.  Resistance  variable. 

b.  Capacity  variable. 

5.  Electrical  properties  of  simple  circuits  with  several  resist- 
ances and  capacities  in  series. 

6.  Electrical  properties  of  simple  circuits  with  resistance,  in- 
ductance, and  capacity  in   series. 

7.  Electrical  properties  of  simple  circuits  with  several  resist- 
ances, inductances,  and  capacities  in  series. 

8.  Electrical  properties  of  circuits  with  resistance,  inductance, 
and  capacity  in  multiple  arc. 

9.  Electrical  properties  of  mutual  inductive  circuitSj 

45B.  1.  CompositioD  and  Resolution  of  EHeotro-Motive  Forces. 
—  For  continuous  current  circuits  it  has  been  shown  that  the  effect- 
ive E.M.F.  was  equal  to  the  algebraic  sum  of  all  the  E.M.F.S  acting 
on  the  circuit.  For  alternating  currents  it  must  now  be  proved  that 
a  similar  proposition  holds  true,  provided  the  vector,  or  geometrical 
sum,  is  taken. 

In  "Diagram  of  Composition  of  E.M.F.s,"  Fig.  277(  suppose  the 
line  AB  represents  one  E.M.F.  acting  on  a  circuit,  and  AB'  repre- 
sents another,  the  two  E.M.F.S  to  have  the  same  period,  and  sepa- 
rated by  angle  BAB".  Draw  BB"  and  B'B"  respectively  equal  and 
parallel  to  AB'  and  AB,  forming  the  parallelogram  AB'B"B. 
Draw  the  diagonal  AB."  Since  BB"  is  equal  and  parallel  to  AB', 
the  projection  of  BB"  on  AC  is  equal  to  the  projection  of  AB' ;  that 
is,  y  }^'  =  Ajf.  The  projection  of  AB  is  Ay,  hence  the  sum  of 
the  projections  of  AB  and  AB'  is  Aj",  and,  from  the  geometry  of 
the  figure,  this  is  equal  to  the  projection  of  AB",  or  the  projection 
of  the  diagonal  of  the  parallelogram.  Suppose  the  parallelogram 
AB'B"B  revolves  about  A  as  a  center,  all  of  the  lines  retaining  the 
same  angular  relation.  The  sum  of  the  projections  of  AB  and  AB' 
will,  in  every  position,  be  the  projection  of  AB"  ;  and  as  these  lines 
revolve  harmonically,  they  will  trace  three  sine  curves,  indicated  by 
the  heavy  line,  the  light  line,  and  the  dotted  line,  numbered  I,  II, 
III.     As  BB"  is  equal  and  parallel  to  AB',  it  will  be  at  once  per- 
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ceived,  by  the  previously  outlined  rules  for  vector  quantities,  that 
AB"  is  the  vector  sum  of  AB  and  AB' ;  hence  the  sine  curve  III, 
is  the  vector  sura  of  I  and  II,  and  at  all  points  represents  the  result- 
ant of  the  harmonic  E.M.F.s  acting  on  the  circuit.  Should  more 
than  two  E.M.F.S  act  on  a  circuit,  the  same  train  of  reasoning  may 
be  extended  by  selecting  any  two  E.M.F.S  and  combining  them 
into  a  single,  resultant  curve.  This  resultant  and  any  other  E.M.F. 
may  then  be  united  into  a  third  resultant,  and  the  process  repeated 
until  the  final  curve  is  obtained.  In  a  like  manner  it  can  be  shown 
that  any  number  of  E.M.F.s  of  varying  periods  may  give  rise  to  a 
single  resultant  E.M.F.,  while  the  converse  of  this  proposition  is 
equally  obvious;  namely,  that  a  single  E.M.F.  may  be  resolved  into 
any  two  components.     The  similarity  between  this  construction  and 


0/  CiMi||Mi*r(ron  0/  E.U. 


that  employed  by  the  science  of  mechanics,  in  the  parallelogram  of 
forces,  is  obvious.  If,  therefore,  in  a  complex  circuit,  the  E.M.F.s 
in  the  various  branches  are  given  in  magnitude  and  direction,  the 
resultant  E.M.F.,  or  that  which  it  is  necessary  to  impress  on  the 
circuit,  is  readily  deducible.  Given  the  electrical  properties  of  the 
various  branches  of  a  compound  circuit  and  the  several  currents 
required,  the  impressed  E.M.F.  may  be  decomposed  into  com- 
ponents having  magnitudes  and  directions  suitable  to  produce  the 
desired  currents  in  each  branch;  or,  finally,  given  the  resultant 
E.M.F.,  and  all  but  one  of  the  components,  the  missing  component 
may  be  found,  and  the  electrical  relation  of  the  circuits  adjusted  to 
suit.  In  the  solution  for  the  Energy  Equation,  as  applied  to  circuits 
containing  resistance,  inductance,  and  capacity,  it  was  shown  that 
the  energy  delivered  to  the  circuit  split  into  three  parts,  the  RI 
component  in  phase  with  the  current ;  Lai,  90°  behind  the  current, 
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and  //  Cw  90°  in  advance.  As  these  components  may  assume  a 
great  variety  of  values,  and  as  in  multiple  arc  circuits  other  phase 
relations  may  obtain,  it  is  easy  to  see  that  the  maximum  values  of 
the  components  may  be  greater,  equal,  or  less  (numerically),  than 
that  of  the  resultant.  The  geometrical  construction  will  always,  in 
a  clear  and  simple  manner,  elucidate  any  case  of  this  description. 

466.  2.  Eleotrioal  Properties  of  Simple  Circuits  with  One 
Besistoaoe  and  One  Inductanoe  in  Series.  —  Referring  to  Fig.  27r), 
"  Diagram  of  Harmonic  Motion,"  assume  that  the  full  line  KRMSO 
represents  the  current  curve  due  to  an  harmonically  varying  E.M.F. 
in  a  simple  circuit  having  resistance  and  self-induction.  The  counter 
E.M.F.,  due  to  self-induction  of  the  current,  originates  in  the  varying 
magnetic  field  set  up  by  the 
changing  current,  and  is  di- 
rectly proportional  to  the 
rate  of  change  of  this  field. 
The  rate  of  variation  of  the 
current,  at  any  time,  is 
measured  by  a  tangent  to 
the  curve  at  the  point  of 
time  under  consideration. 
A  simple  inspection  of  the 
curve  indicates  that  the  max- 
imum value  of  this  tangent 
occurs  at  the  points  O  and  »,  while  at  •■  /  2  and  8  »■  /  2  ;  the  tangent 
is  horizontal,  and  its  value  0  ;  therefore  the  points  K  and  M  corre- 
spond to  the  maximum  ordinates  of  the  curve  of  E.M.F.  due  to  induct- 
ance, indicating  that  this  curve  is  similar  to  the  current  curve  in 
period  and  shape,  but  lags  behind  it  at  an  angle  of  90°.  Such  a  curve 
is  represented  by  the  dotted  line  cutting  the  axis  of  X  90°  behind  the 
current  curve.  It  is,  therefore,  possible  to  represent  geometrically 
the  relations  of  an  alternating  current  circuit  containing  resistance 
and  inductance,  by  a  right-angle  triangle.  In  Fig.  278,  "  Diagram  of 
E.M.F.  in  a  Simple  Circuit  Containing  Resistance  and  Inductance," 
draw  a  line  horizontally  from  A  to  B  in  a  positive  direction.  At  A 
lay  off  AB  to  any  convenient  scale,  equal  numerically  to  R.  At  B 
draw  BC  perpendicularly  and  positively  to  AB,  and  lay  off  EC  to 
the  same  scale  of  a  value  equal  to  Z«.    Draw  AC,  then  AC  to  the 
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same  scale  represents  the  V/?"  +  Z.W.  Considering  the  equation 
/  V^  +  Z.V  =  E,  it  is  seen  that  the  impressed  E.M.F.  may  be 
divided  into  two  components  :  — 

467.  First.  The  component  acting  in  the  direction  of  the  current 
and  expended  in  overcoming  the  ohmic  resistance-  This  component 
is  often  termed  "The  Power  Electro-motive  Force,"  and  is  numerically 
equal  to  RI. 

468.  Second.  "The  Reactive  Electro-motive  Force"  in  quadrature 
with  the  current,  and  employed  in  balancing  the  counter  E.M.F.  of 
inductance,  and  numerically  equal  to  Zw/. 

469.  BeaotaacQ.  —  The  quantity  Zto,  which  is  the  measure  of 
thi  i  effect,  has  formally  been  denominated  "  Reactance "  by  the 
American  Society  of  Electrical  Engineers,  and  is  defined  as  "  numer- 
ically equal  to  the  component  of  the  impressed  E.M.F.  at  right  angles  to 
the  current,  divided  by  the  current."  The  reactive  E.M.F.  in  any  cir- 
cuit may  arise  from  inductance,  mutual  inductance,  capacity,  or  from 
the  introduction  of  a  counter  electro-motive  force  due  to  any  exterior 
cause ;  and  the  impressed  E.M.F.  may  always  be  regarded  as  the 
vector  sum  of  two  components,  one  of  which  transmits  power,  and 
the  other  which  balances  "reactance."  In  circuits  containing  mutual 
inductance,  the  reaction  due  to  the  current  in  the  secondary  coil  may 
be  resolved  into  two  components,  one  in  the  same  direction  as  the 
primary,  and  the  other  at  right  angles  to  it,  thus  obeying  the  fore- 
going definition.  Some  objection  to  this  broad  use  of  the  term  "  re- 
actance "  has  been  made  by  Continental  electricians,  who  hold  that 
the  employment  of  words  ending  in  "  ance "  should  be  restricted  to 
apply  to  the  constants  of  a  circuit ;  thus  resistance,  conductance,  per- 
mittance,  are  invariabtes  for  any  given  circuit ;  while  under  the  above 
definition,  "  reactance "  would  vary  when  applied  to  circuits  contain- 
ing motors  or  mutual  inductance.  For  such  circuits  all  confusion 
may  readily  be  avoided  by  using  the  term  "equivalent  reactance,"  or 
equivalent  resistance  in  cases  where  such  quantities  can  be  variable, 

460;  Reactance  is  measured  in  ohms.  In  many  respects  it  closely 
resembles  resistance,  but  no  power  is  expended  in  overcoming  react- 
ance, as  it  is  at  right  angles  to  the  current ;  and,  therefore,  the 
product  of  this  E.M.F.  component  and  the  current  is  zero  watts. 
As  will  presently  be  shown,  reactance  may  arise  from  other  influ- 
ences than  simple  inductance.     From  an  inspection  of  the  diagram, 
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it  will  be  seen  that  reactance  tends  to  produce  a  phase  difference 
between  the  impressed  electro-motive  force  and  the  current.  If  tf 
represents  this  angle, 

tan  fl  =  —  ^^ Reactance  _  _  Lto 

AB  Resistance  R  ' 

the  current  being  in  advance  of  the  impressed  electro-motive  force 
when  $  is  positive,  and  lagging  behind  it  when  it  is  negative. 

4ai.  Impedaooe.  —  The  quantity  V^'  -|-  LW,  represented  by 
the  hypothenuse  of  the  triangle,  as  the  vector  sum  of  the  resistance 
and  the  reactance,  has  been  termed  "  The  Impedance  of  the  Circuit," 
denoting  the  total  opposition  to  transfer  experienced  by  the  current. 
In  a  simple  circuit  containing  only  resistance  and  Inductance,  the 
power  E.M.F.  is  equal  to  the  ohmic  E.M.F.,  or  RI,  and  the  reac- 
tive E.AI.F.  is  equal  to  the  inductive  E.M.F.,  or  Zo>/.  This  may 
be  indicated  in  the  diagram  by  simply  changing  the  scale  sufficiently 
to  introduce  the  numerical  factor  /.  As  an  example,  assume  in  the 
diagram,  Fig.  278  -  ^  ^  ^  ^  ^q  ^^^^^ 
BC  =  L  =  .08  heniy, 

«  =  60, 

»  =  377 ; 

then  i  »  =  2  X  3.1415  x  60  X  .08  =  30.16  =  BC,  and  the  impe- 
dance AC  equals  V40*  -(-  30.1 6*  =  50.095  ohms,  say  50  ohms.  With 
a  maximum  impressed  E.M.F.  of  1000  volts  the  maximum  current 
will  be  HV^  =  20  amperes.  The  power  E.M.F  =  40  x  20  =  800 
volts.  The  reactive  E.M.F.  =  20  x  30.16  =  600  volts,  while  the 
current  will  lag  behind  the  impressed  E.M.F.  by  an  angle  whose 
tangent  is  ^^^  =  .755,  or  37°.  The  arrows  indicate  the  direction 
of  the  forces. 

Sec,  a.  —  The  Resistance  Variable. 
462,  Suppose  that  in  any  given  circuit  E  and  L  remain  constant, 
while  R  becomes  variable,  what  is  the  effect  on  /?  With  a  continuous 
current,  /  varies  directly  as  R ;  but  in  an  alternating  current  circuit,  / 
varies  as  the  vector  sum  R  and  iw,  or  as  V^'  -|-  Z.V.  From  in- 
spection, it  is  evident  that  when  ^  =  0,  I^EjLto.  Therefore, 
when  R  vanishes,  the  current  can  never  attain  a  greater  value  than 
Ej  Lu.     When  R  =  co  ,  /  becomes  0  ;  thus  these  values  indicate  the 
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limit  of  /  in  both  directions.  To  determine  the  successive  values  of 
/  between  these  boundaries,  construct  a  triangle  of  energy,  as  shown 
in  Fig,  279,  "  Diagram  of  Current  Values  in  Circuits  containing  Re- 
sistance and  Inductance  with  Variable  Resistance,"  by  drawing  AB 
positively  and  equal  to  Rl,  BC  perpendicularly  to  AB  positively  and 


flq.  270.    DIagnm  af  Cvrnnt   Valaa 


equal  to  La/,  then  AC  =  /  X  V^*  +  /.W.  Divide  R/  by  R  to  find 
the  value  of  /.  Suppose  this  to  be  AD,  then  by  similar  triangles  — 
Ami 


DE  = 


AE  =  /X 


VA''  +  Z'm* 


4as.  The  maximum  value  of  /  is  Ej Lto;  and  when  the  current 
has  this  value,  the  power  component  of  the  impressed  E.M.F.  is  0, 
and  the  current  is  90°  behind  the  impressed  E.M.F.  When  R  is 
infinitely  large,  the   current    is    infinitely  smaJt.   the   angle   of   lag 
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becomes  infinitely  small,  and  the  vanishing  current  coincides  «" 
the  impressed  E.M.F.  From  A  draw  AF  perpendicularly 
AC  =  El  Liu.  By  its  magnitude  and  direction,  this  line  represc; . 
the  maximum  value  of  the  current.  Also  the  point  A  represents  ia 
direction  and  magnitude  the  vanishing  value  of  the  current,  and  coin- 
ciding with  AC  represents  the  minimum  value  of  the  current.  Ail 
other  values  must  lie  between  these  two.  On  AF  as  a  diameter, 
draw  a  semicircle  AGF.  By  geometry,  all  triangles  drawn  as  ADF 
on  AF,  and  limited  by  the  semicircle  AGF,  are  right-angled  at  D; 
but  the  maximum  and  minimum  limits  of  these  triangles  are  the 
maximum  and  minimum  limits  of  the  current  values,  hence  all  cur- 
rent values  may  be  represented  by  the  varying  values  of  the  vector 
AD.'    As  a  concrete  example,  assume  — 

R  =  2.5  ohms,                   »  =  314.15, 
/=  4  amperes,                Zoi  =  1.25, 
«-60,                           7P/=10, 
L  =  .004  henry,            Zm/—  6 ; 
then,  

E  =  I-sJR*  +  Z^'  —  4  V2.6»  +  1.2P  -  11.18. 

E        11.18       ...     B        11.18      (.„.  RI       10       - 


_Z»Z^ =  _  = 

^  .ff  "^  10     ■' 

=  63°  26'. 


=  -^  =  .5  =  26<*  34' 

RI        R        \Q 


Sec.  b.  —  Inductance  Variable, 
464.  When  L  varies,  the  current  limits  are  0  when  L  is  infinity, 
and  E I R  when  L  is  0,  the  current  equation  then  reducing  to  Ohm's 
formula.  By  a  similar  train  of  reasoning  to  that  employed  in  Sec.  a, 
it  is  easily  shown  that  when  L  is  variable,  the  current  variation  is 
given  by  a  vector  drawn  from  point  E  in  the  previously  mentioned 
diagram,  and  limited  by  a  semicircle  drawn  on  AE,  This  is  indi- 
cated in  the  illustration  by  dotted  lines.  The  arrows  indicate  the 
direction  of  the  current  variation  in  both  Sees,  a  and  b. 

466.  3.  Bleotrioed  Properties  of  Simple  Circuits  with  Several 
Resistances  and  Inductances  in  Series.  —  In  the  case  of  a  circuit 
containing  a  number  of  distributed  resistances  and  inductances,  the 
U  ud  Crahcne,  m  AJUr-^ 
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impedance  is  calculated  by  obtaining  the  vector  sum  of  all  resistances 
and  the  sum  of  all  inductances.  This  is  most  conveniently  done 
diagram matically,  as  indicated  in  Fig.  280,  "Diagram  of  E.M.F.  in  a 
Circuit  containing  Several  Resistances  and  Inductances  in  Series." 
There  are  two  methods,  each  attaining  the  same  result,  though  the 
first  to  be  described  has  the  advantage  of  more  clearly  featuring  all 
points  of  the  circuit,  and  indicating  more  explicitly  the  distribution 
of  currents  and  potentials.  Assume  as  an  example  a 
circuit    having  the  following  properties  :  — 

^    =  6  ohms,  to  =>  1886,  Z»  =  4.52, 

Jf   =^3  ohms,  Z   =  .0024,  Z'm  =  8.29, 

*"  =  9  ohms,  Z'  -  .0044,  Z"<b  =  10.00. 

«     =30.  Z"  -  .0053, 

Lay  off  ai  -.  6.     From  i  draw  dff  per- 
pendicularly and   positively,  and   lay  off 
TB  =  Lta  =  4..52.       Draw   oB ,    which 
will    be  equal   to 

V.ff*TzV»  -  V6*  +  4.62»— 7.51  - 

the    impedance    of    R    and  Lw.  /j  S 

From  b  draw  72  parallel  to  a/ 

«^,   and   make   it   equal   to 

^  =  3.     From  ir'draw  77' 

parallel  to  bV,  and  lay 

off  ?7  =  Vm         

Draw   W,    then   ¥7' 
equals  — 


fff  380. 
Olnalt  aoKtalnliii  Sntral  KulttmieM 
Stria. 


V.ff'*  +  Z'W  -  V3'+  8.29" 

=  8.82=/'.  '""'" 

the  impedance  of  I?  and  L'lo. 

Proceed  in  a  like  manner  with  R"  and  L"to,  obtaining  point  e, 
then  c"e  will  be  the  impedance  of  R"  and  L"m,  or  J"  =  13.45.  Join 
a  and  ft  Then  ae  will  represent  y,  =  29.05,  the  impedance  equiva< 
lent  to  the  vector  sum  of  all  resistances  and  all  inductances.  The 
same  result  may  be  gained  as  shown  by  the  dotted  lines,  by  which  the 
sum  of  ^  +  ^  +  ^'  is  laid  off  horizontally,  positively,  as  ad+  bc+cd, 
then  the  sum  of  Zu  +  L'a  +  L"ia  is  laid  off  vertically,  positively,  as 
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dS'  +  b"d'  +  d'e,  thus  reaching  the  same  point  «■  as  in  the  previous 
construction,  obtaining  y,  =  29.05,  as  before.  The  angles  of  lag  wf 
the  current,  and  the  components  of  the  E.M.F.,  are  calculated  in  the 
manner  already  indicated.  By  the  latter  method,  the  total  impedance 
of  the  circuit  obtained  is  the  same  as  that  given  by  the  former ;  and 
while  more  speedy  of  execution,  the  former  gives  a  much  clearer  and 
more  vivid  idea  of  the  component  parts  of  the  circuit. 

46e.  4.  Eleotrioal  Properties  of  Simple  Circuits  with  one 
Besistanoe  and  one  Gap&oitr  in  Series.  —  Turning  to  Fig.  275,  and 
remembering  that  the  tangent  to  the  current  curve  KRMSO  has  a 
maximum  value  at  the  points  O  and  r,  it  is  evident  that  at  these 
points  there  will  be  the  greatest  difference  of  potential  exerted  on 
the  capacity  of  the  circuit,  and  a  maximum  current  will  flow.  It  is 
also  evident  that  the  condenser  current  will  oppose  the  line  current ; 
for  as  the  current  in  the  line  decreases,  the  charge  in  the  condenser 
will  flow  out,  tending  to  continue  the  hne  current  by  the  amount  of 
charge  due  to  the  capacity,  while,- when  the  current  is  increasing, 
the  condenser  will  absorb  electricity,  thus  tending  to  reduce  the 
line  flow. 

467.  As  an  aid  to  the  conception  of  the  rdle  played  by  a  con- 
denser, and  its  effect  to  introduce  an  E.M.F.  90°  in  advance  of  the 
impressed  E.M.F.,  consider  the  mechanical  analogy  of  the  common 
hydraulic  elevator  supplied  with  an  air  compression  tank.  The  ele- 
vator is  operated  by  a  piston  traveling  to  and  fro  in  a  cylinder.  As 
the  elevator  falls,  water  is  forced  into  the  tank,  and  the  air  com- 
pressed ;  while,  as  it  rises,  the  pressure  of  the  compressed  air  tends 
to  balance  the  weight  of  the  car.  To  stretch  the  analogy  a  little, 
suppose  the  elevator  to  make  regular  trips,  thus  moving  harmonically, 
and  suppose  that  when  it  is  at  mid-stroke,  the  air  in  the  tank  is  at 
atmospheric  pressure.  The  motion  of  the  elevator  will  be  swiftest 
at  mid-stroke  and  zero  at  either  end,  and  may  typify  the  current 
curve;  the  top,  middle,  and  end  of  the  stroke  corresponding  to  the 
points  X  /  2,  ff,  and  Sir  /  2,  of  Fig.  275.  The  counter  E.M.F.  set  up 
by  the  condenser  has  its  analogy  in  the  air  pressure  in  the  tank,  while 
the  charge  is  represented  by  the  amount  of  water  forced  in.  When 
the  car  is  at  mid-stroke,  it  is  moving  most  rapidly,  the  air  pressure 
is  zero,  and  the  water  occupies  one-half  the  space  devoted  to  it  in  the 
tank.     This  state  corresponds  to  the  points  O  and  a-  in  Fig.   275. 
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As  the  car  falls,  the  water  is  forced  into  the  tank,  the  air  pressure 
increases,  the  tank  is  filled,  and  the  motion  of  the  car  decreases  to 
zero ;  corresponding  to  a  quarter  period  on  the  curve  from  O  to  f. 
At  the  points  O  and  »  the  charge  and  counter  E.M.F.  are  zero,  and 
the  current  is  a  maximum.  Between  O  and  t/2  the  current  de- 
creases ;  the  charge  and  counter  E.M.F.  increase.  From  mid-stroke 
to  the  end  the  increasing  air  pressure  opposes  the  fall  of  the  car, 
as  the  increasing  counter 

E.M.F.    opposes    the   cur-      r  Pduw  BJif j.  B  r____ —     ^ 

rent,  while  the  increasing 

volume   of    water   typifies  \       ««■  ^»'-  oii^ia,  0/  e.u.r.  in  c 

the   augmenting    condenser  ^\  ano  otpacitt  11  a»it,. 

charge.     As  the  air  pressure 
balances    the    car,  it   is   evi- 
dently equal,  and  opposite  to  it, 
and  must  be  90°  in  advance.    The 
effect,   therefore,  of  the   condenser 
is  to  introduce  an  E.M.F.  90°  in  ad- 
vance of  the  impressed  E.M.F.     This 

condition  is  indicated  in  the  diagram  by  \V  % 

the  broken  line  III  or  VWYZ.     The  same 
relation  is  shown  algebraically  in  the  solution 
of  the  General   Energy  Equations.     Thus,  Ca- 
pacity introduces  a  Reactance  measured  by  — -=- . 

Remembering  the  negative  nature  of  this  Reactance, 
the  triangle  of  E.M.F.  may  be  constructed  vectorially, 
as  already  indicated   in  the  sections  applying  to    Resist- 
ance and  Impedance. 

488.  In  Fig.  281,  "Diagram  of  Electro-Motive  Force  in  a  Sim- 
ple Circuit  containing  Resistance  and  Capacity  in  Series,"  draw 
AC  horizontally  and  positively  equal  to  R.  From  C  draw  BC  nega- 
tively, and  to  the  same  scale  equal  to  the  quantity  —  -p^.     Draw 

AB,  then  AB  represents  y  ^  +  /^I^*  Adopting  a  similar  notation  to 

1  simple 
jrizontal 

Google 


that  employed  in  the  diagram  of  electro-motive  force '  in  a  simple 
circuit  containing  resistance  and  inductance  in  series,  the  horizontal 
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line  AC  measures  the  resistance  of  the  circuit,  and  by  a  simple  change 
in  scale,  to  introduce  the  factor  /,  will  measure  that  component  of 
the  impressed  electro-motive  force  which  is  in  phase  with  the  current, 
usually  denominated  "Power  Component."  The  line  BC  measures 
the  reactance  —  -^ ,  or  the  reactive  component  of  the  impressed  elec- 
tro-motive force  — //  Cm  ;  while  AB  measures  the  \  K^  +  -p^r-it  ^^^ 

'  6  »• 

is  the  impedance  of  the  circuit.  When  the  factor  /  is  introduced  in 
the  two  sides  of  the  triangle,  the  hypothenuse  measures  the  total 
energy  of  the  circuit  EI.  To  illustrate  by  a  concrete  example.  Sup- 
pose in  the  diagram  the  same  value  for  the  resistance  R,  40  ohms, 
and  «  ^  60  as  was  assumed  in  the  diagram  of  electro-motive  force  in 
a  simple  circuit  containing  resistance  and  inductance,  then  »  =  377- 

Let  C  equal  .00000425  farad,  then  -  ~  ■=  -  62.6  and.V-^+.=^. 

=  V40'  +  62.6*  —  74.3  ohms.  The  properties  of  impedance  and. 
reactance,  as  given  in  this  diagram,  are  similar  to  those  described  in 
the  section  treating  of  resistance  and  inductance  in  series ;  namely, 
the  impedance  of  the  circuit  is  the  effective  resistance  or  opposition 
encountered  by  the  current,  and  which,  when  substituted  for  R  in 
Ohm's  law,  renders  his  formula  equally  applicable  to  the  alternating 
current  circuits.  The  reactance  of  the  circuit  also  possesses  the 
same  properties  as  indicated  in  the  previous  example ;  remembering, 
however,  that  the  effect  of  inductance  is  to  introduce  a  positive 
reactance,  while  the  effect  of  capacity  is  to  introduce  one  which  is 
negative.  Thus,  it  is  apparent  that  capacity  tends  to  oppose  and 
neutralize  inductance,  and  by  proper  proportioning  of  these  quantities 
in  any  circuit,  one  may  be  so  designed  as  to  counteract  and  neutralize 
the  other. 

Sec.  a.  —  Resistance  Variable. 

Sec.  b.  —  Capacity  Variable. 

468.  In  the  paragraph  treating  of  electrical  properties  of 
simple  circuits  with  one  resistance  and  one  inductance  in  series, 
two  sub-headings  were  given,  indicating  a  method  of  geometrical 
construction  whereby  the  different  values  of  the  current  could  be 
ascertained  when  either  the  resistance  or  the  inductance  in  the 
circuit  was  supposed  to  vary  from  zero  to  infinity.     As  capacity  has. 
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been  shown  to  introduce  a  negative  reactance  in  the  circuit,  it  is 
evident  that  the  same  construction  may  be  used  to  determine  the 
varying  current  in  a  circuit  containing  resistance  and  capacity,  by 
constructing  a  diagram  precisely  similar  to  the  one  already  alluded 
to,  in  which  the  reactance  of  the  circuit  is  laid  off  nega- 
tively instead  of  positively ;  thus,  under  these  circum- 
stances, in  a  circuit  containing  resistance  and  capacity, 
when  these  quantities  vary  from  zero  to  infinity,  varying 
values  of  the  current  will  be  found  as  vector  quantities 
bounded  by  semicircles  drawn  upon  diameters  having  the 
values  of  E  jX  j  Cm  when  R  is  variable,  and  upon  a  di- 
ameter equal  to  ^  "^^  ^  ^'"'  w^ien   C  is  variable. 

In  a  construction  so 
obvious  it  is  not  ne- 
cessary to  repeat  the 
diagram. 

470.  5.  Meotrical 
Properties  of  Simple 
CirouitB  with  Several 
Beeistanoes  and  Ci^ 
paoitiee  in  Seriea  — 
In  the  case  of  a  num* 
ber  of  resistances  and 
capacities  in  series, 
the  diagram  of  electro- 
motive force  may  be 
constructed  as  indi- 
cated in  No.  3,  bearing  in  mind  the  negative  value  of  the  reactances, 
and  drawing  the  vectors  representing  them  negatively  downwards. 
In  every  other  particular  the  construction  is  precisely  the  same 
as  that  outlined  in  No.  3,  and  the  result  may  be  obtained  by  the 
directions  there  given. 

471.  6.  Meotrical  Properties  of  Simple  Cirouits  with  Besist- 
anoe,  ladnotonoe,  and  Capaoitr  in  Series.  —  To  treat  this  case,  it 
is  requisite  to  recollect  that  the  reactance  of  the  circuit  must  be  the 
vector  sum  of  the  positive  and  negative  values  of  the  two  reactances 
developed  by  the  inductance  and  the  capacity.     The  case  is  illus- 
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trated  in  Fig.  282,  "  Diagram  of  Electro-Motive  Force  in  a  Simple 
■Circuit  containing  Resistance,  Inductance,  and  Capacity  in  Series," 
>by  assuming  the  values  given  in  the  previous  examples,  Nos.  2  and 
4,  namely :  — 


R  -40, 

Z«  -  30.16, 

;v-60, 

l/C«-62.6, 

C  -  .0000426, 

»  -  377. 

Trom  any  point  B,  draw  BD  perpendicularly  and  positively  equal 
to  Zio  =  30.16.     From  D  draw  DC  negatively  downwards  equal  to 

—  1  /  Cia.  For  a  certain  distance  DC  will  coincide  with  DB,  but 
.as  1  /  Cm  is  greater  than  Liu,  CD  will   be  longer  than   DB.     The 

difference,  BC,  will  be  equal  to  the  vector  sum  of  Ltt  —  -pr  =  30.16 

-  62.6  =  -  82.44.  ^" 

From  B  draw  BA  horizontally  and  equal  to  R,  in  this  case  equal 

to40.    Draw  AC,  then  the  vector  AC  is  equal  to  V,S'  +  { L» ^^-V 

V  V  CmJ 

In  this  diagram,  as  it  is  constructed,  the  vector  sum  of  the  three 

quantities  R  +  i» ^    has    been    obtained,   which   is    evidently 

the  impedance  of  the  circuit  in  question.  As  in  the  previous  dia- 
grams, the  horizontal  line  AB  represents  the  resistance,  or  by  a 
change  of  scale  sufficient  to  introduce  the  factor  /,  represents  the 
power  component  of  the  impressed  electro-motive  force.  The  ver- 
tical line  BC  represents  the  net  reactance  of  the  circuit,  or  the 
vector  sum  of  the  positive  reactance  due  to  impedance  and  negative 
reactance  due  to  capacity ;  while  AC  represents  the  impedance  of 
the  circuit,  or  the  impressed  E.M.F.  when  the  factor  /  is  intro- 
duced. 

472.  7.  Meotrioal  Properties  ot  a  Bimple  Cirouit  with  Sev- 
«ral  Besiatanoes,  Inductances,  and  Capacities  in  Series.  —  By 
the  principles  already  laid  down,  it  is  evident  that  where  a  number 
of  resistances,  inductances,  and  capacities  are  joined  in  series  in  a 
single  circuit,  the  solution  of  the  problem  may  be  directly  obtained 
by  constructing  an  appropriate  triangle  of  electro-motive  forces,  giving 
the  vector  sums  of  all  the  quantities  producing  impedance.  Either 
of  the  methods  given  in  No.  3  may  be  used,  care  being  taken 
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to  attribute  to  each  vector  its  appropriate  direction,  positively  and 
negatively. 

478.  8.  Bleotrioal  Propertiee  of  Cirouits  with  BesiBtances^ 
bdnotancea,  and  Capooitiee  in  Multiple  Arc.  —  In  the  previous 
chapter  it  has  been  shown  that  in  the  case  of  a  continuous  current, 
the  total  resistance  of  a  number  of  branch  circuits  joined  in  multiple 
arc  is  given  by  the  reciprocal  of  the  sum  of  the  reciprocals  of  all 
the  resistances.  It  has  been  shown  that  Ohm's  formula  applies  to 
alternating  current  circuits  when  the  apparent  resistance  or  im- 
pedance of  the  circuit  is  substituted  for  R  in  the  ordinary  formula ; 
so,  in  the  case  of  alternating  currents  when  traversing  circuits  in 
multiple  arc,  if  for  R  the  impedance  of  the  various  circuits  be 
substituted,  a  correct  solution  is  immediately  arrived  at.  Therefore 
if,  in  accordance  with  the  principles  already  laid  down,  the  im- 
pedances of  a  number  of  multiple  arc  circuits  be  determined,  and  the 
sum  of  the  reciprocals  of  these  impedances  be  obtained,  the  total 
impedance  of  the  circuit  will  be  the  reciprocal  of  this  sum.  To  illus- 
trate the  case  by  a  concrete  diagram,  suppose  in  Fig,  283,  "  Diagram 
of  Electro-Motive  Forces  in  a  Complex  Circuit  containing  Several 
Resistances,  Inductances,  and  Capacities  in  Parallel,"  that  G  repre- 
sents the  diagram  of  the  circuit.  Here  X  is  the  generator  to  which 
five  circuits.  A,  B,  C,  D,  and  E  are  joined  in  multiple  arc.  The 
circuit  A  has  a  simple  resistance  of  60  ohms ;  the  circuit  6  has  a 
resistance  of  30  ohms  in  series  with  an  inductance  of  .06  henry ;  the 
circuit  C  has  a  simple  capacity  of  13  mf.  ;  the  circuit  D  has  a  resist- 
ance of  50  ohms  in  series  with  a  capacity  of  5  mf.,  and  an  induct- 
ance of  .18  henrys.  The  circuit  E  has  a  simple  inductance  of  .0& 
henrys.  To  determine  the  total  inductance  of  the  circuit,  assume 
any  base  line  as  ax.  On  this  base  line  lay  off  ab  equal  to  R,  equal 
to  60.  As  there  is  no  inductance,  the  impedance  in  this  circuit 
J  A  -  60. 

At  any  other  point  on  the  base  line,  construct  a  triangle  of  the 
electro-motive  forces  for  the  second  circuit  B,  by  laying  oS  cd  =  R  = 
80 ;  de  vertically  and  positively  =  L<a  =  45.24.  Join  ce  to  obtain 
the  impedence  /^  =  54.27.  Proceed  in  a  like  manner  with  the 
remaining  circuits,  C,  D,  and  E,  obtaining  the  inductances  — 

/c  =  102.02,  /j,  =  138.7,  /,  =  67.86. 

1  The  (nqmtacj  n  in  this  example  is  120  per  aecond. 
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Each  of  these  are  plain  vectors.  Obtain  now  the  reciprocal  of  each 
one,  remembering  that  the  reciprocal  of  a  vector  is  a  plain  vector 
having  a  scalar  magnitude  equal  to  the  reciprocal  of  the  original 
vector  and  lying  in  the  same  direction.     Thus,  — 

the  reciprocal  of  J^  =  .0166,  the  reciprocal  of  /„  =  .0072. 

/a  =  .0183,  J,  =  .0148. 

Jg  =  .0098, 

Assume  any  point,  a',  and  draw  a'i'  parallel  to  a6,  and  make  it 
to  any  convenient  scale  equal  to  the  reciprocal  y^. 

From  ^ '  draw  A  V  parallel  to  ce,  making  d  V  equal  to  the  reciprocal 
y^  From  e'  draw  e'g^'  parallel  toy^,  making  e'g^'  equal  to  the  recip- 
rocal of  /^.  From  ^'  draw  ^'j",  parallel  to  ij,  making  it  equal  to 
the  reciprocal  of  y^  From  y' draw  _/'('  parallel  to  m/,  making  it 
equal  to  the  reciprocal  of  y^  Join  the  points,  a'  and  »',  then  the 
line  a'i'  will,  in  direction,  represent  the  resultant  electro-motive  force 
acting  in  the  circuit,  and  in  magnitude  will  be  the  sum  of  the  recipro- 
cals of  all  the  impedances  in  circuit.  Obtaining  the  reciprocal  of 
this  sum,  in  this  particular  case  equal  to  30.5,  the  total  impedance 
of  the  circuit  is  given  as  30.6  ohms. 

The  phase  of  the  impressed  electro-motive  force,  with  reference 
to  the  currents  in  the  various  branches  or  parts  of  the  branches, 
may  be  found  by  the  previously  given  rules.  The  direction  of  the 
arrows  in  the  diagram  indicates  the  direction  of  the  current  in  the 
various  parts  of  the  circuit. 

474.  Method  of  Equivalent  Besistanoe  and  Induotanoe,  — 
When  a  number  of  circuits  in  multiple  arc  are  acted  upon  by  an 
electro-motive  force,  it  is  possible,  theoretically,  to  replace  the  several 
resistances,  inductances,  and  capacities,  by  an  equivalent  resistance 
and  inductance,  remembering  that  a  capacity  is  equivalent  to  a  nega- 
tive inductance.  The  equivalent  resistance  and  inductance  would  be 
such  a  resistance  and  inductance  as  would  cause  the  same  current 
(both  in  m^^nitude  and  phase)  to  flow  in  the  main  leads,  as  would 
pass  when  the  several  parallel  circuits  were  connected.  The  substi- 
tution of  such  an  equivalent  inductance  and  resistance  evidently 
produces  no  change  in  the  main  circuit,  and  could  displace  the 
branch  circuits  without  producing  any  variation,  either  in  magnitude 
or  in  phase,  in  the  original  current.     The  employment  of  such  a 
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hypothetical  substitution  as  this  simplifies,  in  some  cases,  the  solu- 
tion of  problems  in  alternating  currents,  when  applied  to  a  number 
of  branch  circuits.     The  application  of  this  method  is  a  direct  cor* 


f 


T3 


jHiMd'  of  Etalnmltitt  KttlituiB*  and  fndaetaitem. 


ollary  to  the  proposition  of  Art.  4SQ,  and  can  be,  perhaps,  most 
clearly  described  by  the  use  of  an  example.  Suppose  in  Fig.  284 
the  generator  G  supplies  two  leads  A  and  A',  extending  from  the 
generator  to  a  center  of  distribution.     From  this  point  suppose  four 
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circuits  B,  C,  D,  and  E  to  be  placed  in  parallel  across  the  leads,  and 
let  each  circuit  be  respectively  denominated  by  its  appropriate  letter. 
Let  the  frequency  be  169.16,  so  that  «  =  1000.    For  the  circuit  B  :  — 

.ff,  =  3  ohms.  L,  ==  .002  henry,  Zyo  =  2. 

For  the  circuit  C  : — 

Ro  =.  1.5  ohms,  L„  =  .0043  henry,  Z^  «  ■=  43. 

For  the  circuit  D  :  — 
g„  =  2.6  ohms,     Co  =  .00006  ferad,  Co  o.  -  .06,    1  /  C„  »  =  16.67. 

For  the  circuit  E  :  — 
Jij,  =  1.5  ohms,     C,  —  .00019  farad.  .     C,  w  =  .19,      1  /  C,  m  =  5.26. 

From  the  above  data  the  impedance  of  each  branch  circuit  may 
be  directly  calculated,  as,  — 

/,  =  3.60,  A  =  4-56,  /»  =  16-72,  /,  =  5.47. 

476.  Now,  assiune  any  convenient  electro-motive  force  to-  act  at  the 
center  of  distribution,  uniformly  affecting  all  of  the  branch  circuits. 
For  this  purpose  it  is  very  convenient  to  assume  100  volts,  as  then 
all  the  quantities  to  be  derived  from  the  solution  will  be  in  percent- 
age, and  may  be  conveniently  and  easily  handled.  With  the  assump- 
tion of  100  volts  as  the  electro-motive  force,  calculate  from  the 
impedance  as  above  obtained,  the  currents  in  each  of  the  branches, 
obtaining,  — 

7,  =  27.8,  7„  =  21.9,  /p  =  6.98,  7,  =  18.2. 

Now,  referring  to  the  diagram,  draw  any  line  AB  to  any  con- 
venient scale,  making  AB  equal  to  100  volts.     At  A  lay  off  Ac, 

making  the  angle  BAc  equal  to  tan~'-^.    If  the  line  AB  represents 

the  electro-motive  force,  then  the  line  Ac  is  equal  to  /gRgi  ^^^  ^^^ 
line  cB  is  equal  to  Lgta/g.  In  a  similar  manner  construct  other  tri- 
angles AeB,  A^B,  and  AAB,  remembering  that  in  circuits  containing 
inductance  the  angle  0  must  be  laid  off  from  the  line  of  electro-motive 
force  negatively,  while  in  circuits  containing  capacity  it  must  be  laid 
oflf  positively.  From  what  has  previously  been  demonstrated,  it  is 
obvious  that  the  points  e,  c,  B,  A,  g,  and  A  will  lie  on  the  circumfer- 
ence of  a  circle  drawn  upon  AB  as  a  diameter.  On  each  of  the 
lines  Ac,  Ae,  Ag,  and  AM,  lay  off  Ad,  A/,  At,  and  A(,  respectively. 
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equal  to  the  cuirents  in  each  of  the  branches,  or  in  other  words, 
divide  these  lines  by  the  resistance  in  each  branch.  The  lines  Kd, 
A/,  AA,  and  A»,  will  then  represent,  in  direction  and  magnitude,  the 
currents  in  each  of  the  branch  circuits.  From  what  has  previously 
been  shown,  it  is  evident  that  the  vector  sum  of  all  the  currents 
would  be  equivalent  to  the  resultant  current,  or  the  current  in  the 
main  lines  A,  A'.  To  obtain  this  resultant  current  select  in  the  dia- 
gram any  current  vector  as  A/.  From  the  point  /  draw  a  line 
parallel  to  the  next  current  vector  Ad,  and  lay  off  /i  equal  to  AJ. 
From  the  point  i  draw  im  parallel  and  equal  to  At.  From  the  point 
m  draw  mn  equal  to  AA.  The  broken  line  Afbmn  represents  the  vec- 
tor addition  of  all  the  lines  representing  the  currents,  or  in  other 
words,  forms  a  polygon  of  currents.  This  construction  is  parallel  to 
the  polygon  of  forces  in  mechanics.  To  find  the  resultant  current, 
namely,  the  vector  sum  of  all  the  component  currents,  draw  «A,  thus 
completing  the  current  polygon.  Then  the  line  «A  will  represent, 
both  in  direction  and  magnitude,  the  current  in  the  main  leads. 
Prolong  «A  until  it  intersects  the  circumference  drawn  upon  the  line 
AB  at  O.  Then,  evidently,  the  lines  AO  and  OB  represent  respec- 
tively the  product  of  the  current  in  the  main  leads  by  such  resistance 
and  such  inductance  as  is  equivalent  to  the  vector  sum  of  all  the 
inductances  acting  in  the  branch  circuits,  or  AO  =  RIj^  and  OB  = 
Ltal^.  By  dividing  these  lines  by  the  current,  the  respective  desired 
equivalent  resistance  and  inductance  is  immediately  obtained.  In 
this  particular  example  the  current  in  the  main  leads,  — 

/j  =  39.4,         RI^  =  94.3         R  =  2.27  =  equivalent  resistance. 
Zm/j  =33,        Lta  =  .838,        Liaj  io  =  .000838  =  equivalent  inductance. 

The  tangent  of  the  angle  of  lag  is  obtained  in  the  usual  manner. 
476.  By  this  method  the  currents  in  each  of  the  branch  circuits, 
and  the  equivalent  resistance  and  inductance  necessary  to  produce  in 
the  main  leads  the  same  current  as  would  flow  with  all  of  the  parallel 
circuits  working  under  the  given  conditions,  are  obtained.  The  as- 
sumption, however,  has  been  made  of  an  electro-motive  force  of  one 
hundred  volts.  If,  now,  any  other  electro-motive  force  is  operative, 
it  is  simply  necessary  to  change  the  scale  of  the  entire  diagram  by 
the  proportion  which  100  bears  to  the  real  electro-motive  force.  To 
complete  the  solution  of  the  problem,  it  must  be  recollected  that  so 
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far  no  account  has  been  taken  of  the  circuit  AA',  extending  from  the 
generator  to  the  "Center  of  Distribution."  The  entire  solution  of 
the  problem  is  evidently  obtained  by  taking  the  vector  sum  of  the 
resistance  and  inductance  of  the  main  leads,  together  with  the 
equivalent  inductance  and  resistance  of  the  branch  circuits,  as  given 


fit.  las.    IHatrtun  of  £.M.F.  In  Miiballf  IntaatStt  OlrenlU. 


by  this  problem.     The  method  of  obtaining  the  vector  sum  of  two 
inductances  and  resistances  in  series  has  already  been  given. 

477-  9.  The  Properties  of  Cironits  oontaining  Mutual  Induo- 
tance.  — The  most  frequent  and  important  cases  of  mutual  inductance 
are  to  be  found  in  the  construction  of  dynamo  machinery ;  the  com- 
mon transformer  forming  a  convenient  example.  Here  two  circuits 
are  in  close  proximity  to  each  other,  in  one  of  which  an  impressed 
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E.M.F.  acts,  producing  by  mutual  inductance  a  useful  E.MJ^.  in  t' 
neighboring  circuit.     Mr.  Kennelly*  is  the  deviser  of  the  neai. 
method  of  graphically  solving  this  problem,  of  which  the  foltowi  ^ 
example  is  an  illustration. 

Assume  two  circuits  A  and  B,  indicated  in  Fig.  2S5,  "  Diagram  of 
E.M.F.  in  Mutually  Inductive  Circuits,"  For  simplicity,  a  non-mag- 
netic medium  is  predicated ;  though  by  the  simple  introduction  of  the 
permeability  factor  ^  in  the  formulae,  the  same  treatment  will  apply 
to  any  media.  Suppose  the  circuit  A  to  consist  of  a  generator  sup 
plying  an  E.M.F.  denoted  by  E^  =  1000  volts.  Let  the  resistance 
and  inductance  of  the  generator  be  respectively  r„i  =  5  ohms,  and 
/„i  =  .02  hen.  Let  the  line  have  a  resistance  of  r^  =  10  ohms, 
and  an  inductance  of  4i  =  01  hen.,  with  a  capacity  of  C,  =  15  mf. 
Let  the  resistance  and  inductance  of  the  primary  coil  be  r^  =  40  ohms, 
and  4,  ™  .12  hen.  Then  the  total  resistance  ^^  =  r,,  +  r^  +  (-^ 
—  5  +  10  +  40  =  66  ohms,  and  the  total  inductance  i,  =  /^  +  l^ 
+  /^  -.  .02  +  .01  +  .12  =  .15  hen.  For  the  secondary  circuit,  sup- 
pose the  resistance  and  inductance  of  the  coil  to  be  r«,  =  15  ohms, 
and  /(I  =  .18  hen.,  and  for  the  leads  rjt=  10  ohms,  and  /„  =  ,015  hea, 
with  a  capacity  oi  C„^%  mf. ;  with  finally  a  resistance  and  inductance 
in  the  receivers  of  fj,  =  100  ohms,  and  l^  =  .006  hen.  Then  the 
total  resistance  and  inductance  of  the  B  circuit  is  R^  =  r^  -^  *■« 
+  Tm  =  15  +  10  +  100  =  126  ohms,  and  L^  =  4,  +  /„-(-/„  =  .18 
-f  .015  +  .005  =  .20  hen.  Let  the  mutual  inductance  be  Jf  =  .12 
hen.,  and  the  frequency  159.15  (in  round  numbers  160),  so  that 
M  =  2«-«-2  X  3.14  X  159.16  =  1000. 

478.    As  a  preliminary  to  the  final  solution,  suppose  the  circmt 
B  to  be  absent,  then  in  circuit  A  the  impedance  — 


/a  =  yj?,"  +  (/„w-^l    =  V6P  +  83,4*  -  99.9  ohms. 
Denote  the  reactance  of  circuit  A,  (  Z«m  —  -:r- )  —  83.4,  by/>.    The 

current  in  circuit  A  is  i„  =  E„  //.  —  1000  /  99.9  =  10  amperes 
(about).  The  triangle  of  E.M.F.  is  drawn  as  at  C  by  laying  off  from 
A  AB  =  y?,  =  56  ohms.  From  B  draw  BC  perpendicularly  and 
positively  equal  to  Z,,<u  =  160.     From  C  lay  off  CD  perpendicularly 


I  BUelrical  WerU,  *oL  xxli.,  p.  506. 
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and   negatively  equal  to   -—  =  66.6,  thus  leaving  DB  a-  p,  =  88.4. 

Cja 

Draw  AD,  obtaining/,  -  99.9. 

479.  Now  suppose  circuit  B  to  be  brought  into  such  relations 
with  circuit  A  that  the  coefficient  of  mutual  induction  M  shall  have 
the  previously  assigned  value  of  .12  hen.  The  first  effect  of  the  cur- 
rent i„  in  circuit  A  is  to  initiate  an  induced  E.M.F.  in  circuit  B 
measured  by  a Mi„  ■=  £i  =  1000  x  .12  x  10  =-  1200  volts;  tend- 
ing to  produce  in  B  a  current  ij  —  EtlJi,-     But  — 

p,  =  200  -  126  =  76, 


and  hence 


1200        „„ 

—  ", 2  amperes. 


14r. 


■Construct  now  the  triangle  of  E.M.F.  in  the  secondary  circuit  B,  as 
shown  at  D  by  the  methods  already  given.  The  current  in  the  cir- 
cuit B  will  react  in  turn  on  A,  tending  in  that  circuit  to  set  up  an 
E.M.F.  that  would  give  rise  to  a  current  superimposed  on  the  current 
/,  that  is  already  passing.  The  modified  primary  current  will  again 
react  on  the  secondary,  causing  a  new  adjustment  of  current  yalue, 
this  process  continuing  till  equilibrium  is  attained.  Denoting  by  i^ 
the  final  value  of  the  current  in  the  A  circuit,  this  value  could  be 
derived  from  the  expression  »^  =  E^jJ^,  in  which  J^  is  different 
from/,.  The  value /^^  of  the  impedance,  which  will  give  the  true 
amount  of  the  final  current  in  the  A  circuit,  may  be  termed  the 
"  Effective  Impedance ; "  and  is  shown  to  be  derived  by  increasing 
the  resistance  of  the  A  circuit  by  a  quantity  s^R^,  and  diminishing 
the  reactance  by  ^p^ ;  in  which  s  —  ta  M  j/^ .  The  final  primary  cur- 
rent then  becomes  — 

'' ^-  .  (ITS) 

y/{R.  +  =.•*.)•  +  (p.  -  «■„)■  ^ 

In  this  example,  »  -  1000  x  .12  / 145.8  -  .828  ;  ifR,  -  86.5  ; 

and  s*pj  =  51.5  ;  therefore,  — 

lOOO 


=  7  amperes. 


V(66  +  85..-))*  +  (83.4  -  61.5)* 
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It  also  follows  that  the  true  secondary  E.M.F.  will  be  equal  to 
(oMi^  =  1000  X  .12  X  7  =  840  volts,  and  the  current  in  the  circuit 
B  -  I'a  =  E^  IJ^  —siA=  840  / 145.8  =  5.8  amperes.  This  result  is 
graphically  shown  at  C  by  increasing  AB  to  AE,  making  AE  =  ^R^; 
and  decreasing  BD  by  FD  =  s*pj.  Then  the  effective  impedance  J^ 
is  FE  =  143.6.  The  angles  of  phase  may  be  determined  in  the 
usual  manner. 

In  this  example,  only  one  of  the  circuits  hqs  been  given  an 
impressed  E.M.F. ;  but  the  same  method  can  readily  be  extended  to 
embrace  an  impressed  E.M.F.  in  both  circuits,  by  taking  in  circuit  B 
the  vector  sum  of  the  impressed  and  induced  E.M.F.  No  allowance 
is  made  for  hysteresis,  which  will  doubtless  limit  to  a  certain  extent 
this  method. 

480.  Impedanoe  Tables.  —  From  the  preceding  considerations, 
it  is  perceived  that  inductance  and  capacity,  when  of  sensible  amount, 
play  an  exceedingly  important  part  in  modifying  the  current,  both  in 
magnitude  and  direction.  For  convenience  in  treatment,  the  subject 
may  be  divided  into  two  parts  :  — 

Case  I.  —  Circuit  containing  Resistance  and  Inductance. 
Sec.  a.    Two  parallel  aerial  wires  as  a  complete  metallic  circuit 
Sec  b.    One  aerial  wire  with  ground  return. 
Sec.  c.    Concentric  cables. 

Case  II.  —  Circuits  containing  Resistance,  Inductance 

AND  Capacity. 
Secs.  a,  b,  and  c,  as  above. 
Sec.  d.   Effect  of  adjacent  bodies. 

Ca5e  I.  —  Circuits  containing  Resistance  and  Inductance. 

481.  Sec.  a.  —  Two  parallel  overhead  wires,  as  a  complete  me- 
tallic circuit. 

From  the  energy  equation  the  general  value  of  the  impedance  J 
in  any  circuit  containing  resistance  and  inductance  is  VA*  +  ZV, 
If,  in  this  expression,  R  be  the  value  of  the  ohmic  resistance 
for  a  unit  of  length  of  the  conductor,  the  value  of  /  may  be 
arranged  as  a  simple  numerical  factor,  to  be  used  as  a  multiplier ; 
and  if  /  be  the   length  of  any  circuit,  R  Its  resistance  per  unit 
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of  length,  and  y  the  impedance  factor,  the  total  impedance  of  the  cir- 
cuit becomes  JRl.  The  values  of  /  may  be  determined  graphically, 
with  sufficient  accuracy  for  common  practice,  by  the  aid  of  the  ac- 
companying tables,  with  the  avoidance  of  much  tedious  calculation. 
As  the  tabular  values  are  given  for  commercial  copper,  it  is  only 
necessary,  when  the  impedance  factor  is  ascertained,  to  multiply  it  by 
the  resistance  of  one  unit  length  of  the  proposed  conductor,  and 
by  the  length  of  the  circuit,  to  determine  the  total  impedance. 

482.  The  coefficient  of  inductance  L  for  two  indefinitely  long 
parallel  wires  is  given  on  p.  408,  as  .5  -f  2  log,  -,  where  L  is  the 
value  per  centimeter  of  length,  when  d  is  the  distance  between  the 
centers  of  the  conductors,  and  r  the  radius  of  the  wire,  in  the  same 
units.  For  demonstrations  of  this  formula,  the  reader  is  referred  to 
Mr.  Kennelly's  paper  on  Impedance.'  The  resistance  of  the  con- 
ductor per  centimeter, when  p  is  the  specific  resistance,  is  R=.pjvr*. 
Substituting  these  values  in  the  general  expression  for  impedance,  — 


By  inspection,  this  expression  is  resolvable  into  four  parts ;  viz. :  — 

l2^,        r«,        and        ^5  +  2105,^^*- 

Each  of  these  parts,  or  components,  may  be  plotted  as  a  curve,  and 
the  value  of  the  entire  quantity  obtained  rapidly  by  summing  the 
separate  parts.  It  is  the  object  of  Table  No.  72  (Pocket)  to 
facilitate  this  process. 

488.  The  base  line  of  the  portion  of  Sec.  1,  on  the  right  of  the 
double  line,  is  divided  into  100  equal  parts  allotted  to  the  diameter 
of  the  conductor.  The  top  of  the  sheet  is  similarly  allotted  to  the 
distance  between  the  axes  of  the  conductors.  As  the  scales  are  deci- 
mal, either,  or  both,  may  be  multiplied  or  divided  by  any  power  of  10, 
in  order  to  extend  the  range  of  the  Table.  The  vertical  axis  in  the 
center  of  Sheet  1  gives  the  values  of  rf/r.  Thus,  the  portion  of 
Sheet  1  marked  a,  bounded  by  the  top  and  bottom  lines  of  the  sheet, 
the  vertical  axis  on  the  left,  and  including  the  diagonals  to  the  equal 
part  scale  on  the  base  line,  will  give  the  value  of  df  r  for  a  circuit  of 

1  Tram.  A.  L  E.  S. ;  vol.  z..  No,  4.,  p.  203. 
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any  size  of  wire  from  .001"  to  1"  in  diameter,  and  having  the  axes 
of  the  conductors  separated  from  .1"  to  100"  apart. 

4M.  On  the  left  hand  of  the  double  line,  the  CLrve  b  on  Sec.  2 

gives  the  values  of  f  ,5  +  2  log,  -  1 ,  the  vertical  axis  and  scale  for 

this  curve  being  the  same  as  that  for  iff.  On  Sheet  2,  curve  d,  Sec.  3, 
on  the  left  hand  of  the  sheet  is  an  extension  to  higher  ranges  of  the 

curve  b  of  Sheet  1,  giving  extended  values  of  1 .5  +  2  log,  -I  .     The 

curve  o,  Sheet  X,  Sec.  1,  gives  on  the  extreme  right-hand  scale  the 
values  of  r*  in  the  same  units  as  the  base  line  of  the  sheet;  so  if  the 
base  line  be  multiplied  or  divided  by  any  power  of  10,  this  axis  must 
be  similarly  multiplied  or  divided  by  the  same  power  of  10  raisei  to 
the  \our(h  power. 

On  the  ri^t  hand  of  Sheet  2,  Sec.  4,  is  the  frequenty  curve  e,  giv- 
ing the  value  of  4tV/p'. 

48B.  An  example  will  illustrate  the  use  of  the  tables.  Let  it  be 
required  to  find  the  impedance  factor  of  two  parallel  wires.  No.  18 
Am.  W.  G.,  one-half  inch  apart,  working  under  a  frequency  of  150. 
The  dotted  lines  on  the  tables  indicate  the  course  to  be  followed  in 
obtaining  the  components  of  the  factor.  The  diameter  of  No.  18 
wire  is  40  mils.  On  Sheet  1  find  the  diagonal  ending  at  40.  Fol- 
low this  diagonal  until  it  intersects  a  vertical  line  passing  through  .5 
of  an  inch,  on  the  top  base  line  for  the  distance  separating  the  wires. 
In  this  case,  the  vertical  through  .5  in.  does  not  intersect  the  diagonal 
through  40  ;  therefore,  take  the  vertical  through  .05,  or,  in  other 
words,  divide  the  distance  between  the  wires  by  10.  From  the  point 
where  the  vertical  through  .05  intersects  the  diagonal  through  40, 
follow  a  horizontal  line  to  the  left,  finding  in  the  column  marked 
"  Values  of  dfr"  the  quantity  2.5,  As  the  upper  base  line  used  as 
the  distance  between  the  wires  was  divided  by  10,  the  value  found 
for  dj  r  must  be  multiplied  by  10,  making  25  for  the  value  of  dj  r, 
thus  determining  one  of  the  desired  components  of  the  impedance 

factor.      As  the  curve  b  for  values  of  f  .5  -|-  2  log,  -  1  on  Sheet  1 

does  not  run  as  high  as  24,5,  turn  to  the  extension  of  the  same  curve 
d  on  Sheet  2.  Find  25  on  the  scale  marked  dj  r;  follow  a  horizon- 
tal from  this  value  to  the  left,  to  the  intersection  of  the  curve.    From 
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this  point  follow  the  vertical  line  downward  to  the  base  line,  finding 

48  as  the  value  of  I  ,5  +  2  log,  -  1 ,  corresponding  to  dlr=:  25,  ^v- 

ing  the  second  component.  To  find  the  value  of  r*,  return  to  the  diag- 
onal ending  in  40  on  Sheet  1.  From  the  foot  of  the  diagonal,  follow 
a  vertical  upward  to  the  intersection  with  curve  c,  then  follow  a  hori- 
zontal to  the  right  to  the  vertical  axis  marked  "  Values  of  r*,"  finding 
.000006  as  the  value  of  r*,  the  third  component.  To  ascertain  the 
value  of  4  ii*n' j  i?,  turn  to  the  frequeney  curve  e  in  Sheet  2,  find 
the  frequency  (150  in  this  example)  on  the  vertical  axis  on  the  right ; 
follow  a  horizontal  to  the  intersection  with  the  curve,  and  then  a  ver- 
tical down  to  the  base  line,  obtaining  the  value  of  4  w*«*/p2  as  S.l  for 
the  fourth  component. 

486.   To  recapitulate,  the  four  components  now  stand  :  — 

1st    12^  =  3.1,        2d.      r*  =  . 000006, 


^.5-f-2log,^)  = 


then,  J  =  VI  -I-  [3.1  X  .000006  X  48] , 

y=  V1.0008928, 
/  =  1.000446. 

487.  When  the  decimal  part  of  the  quantity  under  the  radical 
sign  is  less  than  .1,  the  square  root  may  be  found  with  sufficient 
accuracy  by  dividing  the  decimal  part  of  the  quantity  by  2,  and  pre- 
fixing 1  to  the  quotient.  For  greater  values  than  this,  consult  any 
good  table  of  square  roots.  The  value  of  J  thus  found  is  the  value 
for  one  unit  of  length.  To  obtain  the  total  impedance  of  any  circuit, 
it  is  now  necessary  to  multiply  this  factor  by  the  resistance  of  the 
conductor  per  unit  of  length  (to  be  obtained  from  any  wire  table), 
and  by  the  length  of  circuit  expressed  in  the  same  units.  In  all  cir- 
cuits falling  under  this  case,  the  value  of/ will  be  greater  than  unity, 
indicating  that  the  effect  of  inductance  is  to  increase  the  resistance. 
As /varies  as  d,  it  is  evident  that  this  factor  may  be  materially  re- 
<luced  by  bringing  the  two  conductors  as  close  together  as  possible. 
With  uninsulated  aerial  lines,  the  wires  must  be  separated  at  least 
six  inches,  or  more,  to  prevent  crosses.  In  conduit  lines,  with  care- 
ful construction,  this  distance  may  be  greatly  decreased,  while  in 
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concentric  cables,  d  may  be  reduced  to  a  fraction  of  an  inch.  The 
table  may  also  be  applied  to  determining  the  impedance  of  circuits 
carrying  polyphase  sine  currents  of  equally  effective  intensity,  pro- 
vided the  component  parts  of  the  circuit  are  equally  distant  from 
each  other.  The  assumption  is  also  made  that  the  current  density 
is  uniform  throughout  the  entire  conductor,  and  that  the  current 
waves  penetrate  equally  throughout  its  entire  mass.  For  currents 
of  ordinary  frequency,  this  supposition  is  essentially  true,  attention 
having  been  already  directed  to  "Skin  Effect."  The  determination 
of  the  impedance  factor,  by  this  method,  is  accurate  only  when  the 
form  of  the  current  wave  is  a  sine  curve.  Any  departure  from  this 
form  serves  to  increase  the  value  of  the  impedance  factor,  and  must 
be  calculated  from  the  particular  shape  of  the  wave  employed.  As 
the  departure  from  the  sine  curve  is  most  apparent  in  poor  dynamo 
machinery  working  on  a  light  load,  and  as  transmission  calculations 
are  always  made  for  full  load  with  good  machinery,  the  agreement 
of  the  current  wave  to  the  theoretical  form  is  very  close,  the  method 
may  be  regarded  as  practically  accurate  (see  page  611). 

488.    Sec.  b.  —  An  aerial  line  with  ground  return. 

When  a  circuit  is  composed  of  one  aerial  wire  placed  at  a 
height  "k"  above  the  ground,  and  the  earth  used  as  a  return, 
Mr.  Heaviside'  has  shown  that  by  the  method  of  "Images"  the 
ground  may  be  replaced  by  an  imaginary  wire  situated  at  an  inter- 
axial  distance  from  the  real  wire  equal  to  2^  Such  a  circuit  imme- 
diately reduces  to  Case  1,  by  making  "  d"  in  the  formula  equal  to 
twice  the  height  of  the  line  above  the  ground. 

4S9.    Sec.  c.  —  Concentric  cables. 

Suppose  one  conductor  to  be  rolled  out  into  a  thin  sheet  and 
formed  into  a  tube  surrounding  the  other  conductor,  this  forming 
a  concentric  cable,  in  which  the  same  amount  of  metal  is  employed, 
and  the  distance  from  the  central  conductor  to  the  surrounding  ring 
is  maintained,  the  same  as  in  the  case  of  two  parallel  wires.  Evi- 
dently, the  resistance  of  the  circuit  is  unchanged,  and,  also,  each 
element  in  the  ring  is  at  the  same-interaxial  distance  as  in  the  origi- 
nal circuit.  The  geometrical  relations  of  the  currents  of  the  two 
conductors  are  unaltered,  and  the  impedance  may  be  calculated  by 
the  preceding  methods,  by  substituting  for  d,  in  the  preceding  nota- 

"  S«e/«r.  Ttt.  Eng.,  vol.,  vll.  p.  303. 
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tion,  the  value  r  of  the  radius  of  the  external  conductor  in  the  con- 
centric cable. 

Case  II.  —  Circuits  containing  Resistance,  Inductance,  and 
Capacity. 

4B0.  Sec.  a.  —  Two  parallel  aerial  wires  as  a  complete  metallic 
circuit. 

The  determination  of  the  impedance  factor  for  circuits  containing 
resistance  and  inductance  has  been  shown  to  he  a  simple  matter. 
While  both  inductance  and  capacity  are  always  present  in  all  forms 
of  electrical  apparatus,  the  capacity  effect  is  usually  much  less  appar* 
ent,  and  may  be  more  safely  neglected,  than  that  presented  by  induc- 
tance. Moreover,  in  a  single  circuit,  inductance  always  manifests 
itself  in  series  with  the  rest  of  the  circuit,  either  sensibly,  concen- 
trated at  a  single  point,  as  in  the  case  of  a  very  short  line  supplying 
transformers,  or  else  distributed  from  point  to  point  along  the  line, 
as  exemplified  in  a  pair  of  transmission  mains.  Contrariwise,  capacity 
usually  exhibits  itself  as  a  high  resistance  shunt,  acting  as  a  branch 
circuit  between  the  conductors,  and  must  therefore  be  treated  by 
the  law  of  divided  cirouits.  Occasions  arise,  as  in  the  construction 
of  some  forms  of  dynamo  machinery  and  in  certain  telephone  circuits, 
where  a  large  amount  of  capacity  in  the  shape  of  condensers  is  placed 
in  series  at  one  point,  in  the  circuits.  Such  cases,  however,  do  not 
fall  within  the  scope  of  transmission  problems  as  usually  understood, 
and  when  encountered  may  be  solved  by  direct  application  of  the 

formula  V/^  +  {  Lta  —  --p^\  ■     Consider  the  case  of  an  aerial  line. 

Here  are  two  indefinitely  long  parallel  conductors,  each  having  a 
surface  equal  to  the  length  of  one-lialf  the  circuit  multiplied  by  the 
circumference  of  the  conductors,  and  separated  by  a  stratum  of  air 
equal  to  the  distance  between  the  wires.  Evidently  this  combination 
possesses  all  the  characteristics  of  a  condenser  placed  across  the 
conductors.  If,  now,  the  circuit  be  supposed  to  be  subdivided  into 
a  large  number  of  equal  parts,  each  of  one  linear  unit  in  length,  and 
each  part  on  one  conductor  be  conceived  of  as  joined  to  the  corre- 
sponding part  on  the  other  conductor  by  a  condenser  having  a  capacity 
equal  to  the  capacity  of  the  line  per  unit  of  length,  the  line  may  be 
represented  as  the  sum  of  a  great  number  of  branch  circuits,  each 
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containing  a  capacity  equal  to  the  capacity  per  unit  of  length.  The 
total  impedance  of  such  a  circuit  is  the  reciprocal  of  the  vector  sum 
of  all  the  reciprocals  of  the  branches.  Moreover,  as  even  dry  air  is 
not  a  perfect  dielectric,  and  as  aerial  circuits  are  rarely,  if  ever,  im- 
mersed in  even  moderately  dry  air,  there  will  also  be  a  certain  amount 
of  leakage  across  the  conductors  per  unit  of  length ;  and  thus  the 
branch  circuits  along  the  conductor  may  be  regarded  as  circuits  hav- 
ing a  capacity  equal  to  the  capacity  per  unit  of  length  of  the  line,  in 
series  with  a  resistance  equal  to  the  insulation  of  the  line  per  unit  of 
length.  The  line  may  now  be  regarded  as  a  number  of  branch  cir- 
cuits, containing  resistance,  inductance,  and  capacity,  and  treated 
accordingly.  The  full  and  exact  solution  of  this  problem  leads  to  the 
use  of  hyperbolic  functions  and  complex  algebraic  quantities.  There 
are  three  methods  of  approximation  which  avoid  mathematical  diffi- 
culties, and  which  may  be  quickly  and  rapidly  applied. 

4B1.  1.  When  the  line  is  not  over  three  to  five  miles  in  length, 
the  total  capacity  and  leakage  may  be  considered  as  concentrate'd  in 
an  equivalent  condenser  placed  across  the  center  of  the  line.  There 
are,  then,  two  parts  of  the  circuit  to  consider.  First :  The  portion 
extending  from  the  generator  to  the  center  of  the  line,  having  a  re- 
sistance and  inductance  equal  to  one-half  of  the  total  resistance  and 
inductance  of  the  line.  Second  :  At  the  center  of  the  line  is  a  branch 
circuit  consisting  of  two  parts  ;  one  having  a  resistance  and  inductance 
equal  to  one-half  of  the  total  line  resistance  and  inductance,  and  the 
other  a  resistance  and  capacity  equal  to  the  total  line  capacity  and 
line  insulation.  The  joint  impedance  of  these  branches  is  to  be  ob- 
tained by  either  the  method  given  on  p.  439  or  that  on  p.  442. 
Having  obtained  this  joint  impedance,  it  is  necessary  to  add  it  to 
the  impedance  of  the  first  portion  of  the  circuit,  remembering  that  the 
vector  sum  is  the  desired  quantity. 

49a,  2.  A  closer  approximation  may  be  obtained  by  dividing  the 
line  into  any  desired  number  of  parts,  attaching  to  each  its  proper 
resistance,  inductance,  and  capacity,  and  obtaining  the  joint  impe- 
dance of  all  these  branches,  as  above  indicated.  In  this  way  accuracy 
may  be  carried  to  any  desired  limit  that  the  patience  of  the  operator 
will  permit. 

403.  8.  As  capacity  is  equivalent  to  a  negative  inductance,  it 
can  be  shown '  that  for  an  aerial  line  uncomplicated  by  the  resistance, 

1  See  Traiti  <U  Tiligrafiku,  jai  T.  Tonus,  p.  313. 
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inductance,  and  capacity  of  the  receivers  at  the  end  of  the  line,  the 
impedance  may  be  expressed  by —  ' 


/  =  V^^  +  (i  -  4  CR^f  "'.  (177) 

494.  Tabular  Values.  —  For  all  these  methods,  the  capacity  per 
unit  of  length  of  the  line  is  required.  Unfortunately,  the  capacity  of 
a  circuit  is  a  function,  not  only  of  the  geometrical  relations  of  the 
conductors  and  the  potential  acting,  but  is  also  affected  by  the  geo- 
metrical relationsxf  the  circuit  to  all  other  neighboring  bodies.  Thus, 
for  the  simple  case  of  an  ordinary  aerial  line,  to  accurately  ascertain 
the  capacity,  consideration  must  be  given  not  only  to  the  two  con- 
ductors, but  to  the  presence  of  the  poles,  insulators,  and  cross-arms, 
or  other  supports,  and  also  to  the  earth  itself.  If  other  conductors 
are  in  the  immediate  vicinity,  the  results  are  still  further  involved, 
white  if  the  neighboring  wires  are  under  electrical  action,  the  mutual 
reactions  present  a  problem  of  the  greatest  complexity.  If  the 
mutual  effect  of  two  parallel  wires  of  a  radius  r  and  separated  by  a 
distance  d,  is  considered,  while  the  reaction  of  neighboring  bodies, 
the  earth  included,  be  neglected  (which  in  a  majority  of  cases  is  sen- 
sibly true),  Mr.  Heaviside '  shows  that  the  capacity  is  determined  by 
the  expression  —  , 

Here  the  value  of  C  is  in  electrostatic  C.  G.  S.  units. 

On  Sheet  3,  Table  No.  72,  i  and  f  are  plotted  for  this  value 
of  C.  To  use  these  curves,  the  ratio  of  dl  r  is  found  from  the  di- 
agonal scale  a.  Sheet  1,  and  the  value  of  C  is  ascertained  by  fol- 
lowing a  horizontal  line  from  the  value  of  dl  r  (found  as  previously 
described  on  Sheet  1),  on  the  left-hand  scale,  to  its  intersection  with 
the  curve  f  orf,  Sec.  5,  and  then  a  vertical  Une  to  the  top  or  bottom 
of  the  sheet.     Here,  on  the  scale  marked  — 


will  be  found  the  value  of  C.  To  illustrate  ;  Assume  two  bare  wires, 
No,  00,  are  placed  on  insulators  in  a  conduit  6"  apart.  As  the 
conductor  is  365  mils  diameter,  r  =  183  mils  (.463  cm.)  and  d  =  6" 

1  ElMrital  Pa  firs,  toI,  i„  p.  43, 
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(15  cm.).  On  Sheet  1,  as  already  explained,  find  the  value  of  djr 
as  32.4,  then  turning  to  Sheet  3,  find  32.4  on  the  left-hand  scale 
marked  "djr";  follow  a  horizontal  line  to  the  curve f,  value  of 


41og,- 

then  follow  a  vertical  to  the  top  scale  of  the  Table  marked  Values  of 

1 

41og.^' 

finding  .074  as  the  desired  capacity  of  the  wires  in  electrostatic 
C.  G.  S.  units,  per  centimeter  of  length. 

49ft.  Usually  capacity  in  microfarads  per  unit  of  length  is  a  more 
convenient  quantity  for  the  purpose  of  calculation.  The  following, 
Table  No.  73,  gives  the  necessary  multipliers  sufficing  to  transform 
E.  S,  C.  G.  S.  units  into  M.F,  for  each  of  the  customary  units  of 
length. 

Table  No.  73. 

'      KnlHpUan  to  Tnntfdnn  B.  a  C.  O.  a  Unit*  Into  KJ.  par  Untt  of  Leostli. 


E.S.C.G.  S.  UHm 

MuLTirUID  IT 

EqvjiuM.F.  riH 

E.  S.  C.  G.  S.  Vmn 

MULTIPLJID  Br 

EguAU  M.F.  nt 

jm 

MUc  at  Stan  Ittt. 

.law 

Yird. 
KilonwWr. 

49a  Thus,  in  the  example,  .074  X  .19  =  .01406  M.F.  per  mile, 
it  will  be  seen  that  the  vertical  scales  d/  r,  2  A/  r,  and  2  A/ d  have 
two  sets  of  numbers,  one  in  heavy  type,  and  one  in  light.  There  are 
two  curves  for  each  expression,  one  drawn  with  a  heavy  line,  and  one 
with  a  light  line.  Also,  the  horizontal  scales  for  the  heavy  line 
curves  will  be  found  at  the  bottom  of  the  sheet,  and  for  the  light 
line  curves  at  the  top.  The  heavy  type  on  the  vertical  scales 
correspond  to  the  heavy  .curves,  the  values  of  which  must  be  read 
off  on  the  scales  at  the  bottom  of  the  sheet,  while  the  light-face 
type  on  the  vertical  scales  corresponds  to  the  light  curves,  values  of 
which  must  be  read  on  the  scales  on  the  top  of  the  sheet.  The  heavy 
curves  are  drawn  for  the  small  values  of  dj  r  from  0  to  20,  and  the 
small  values  of  2  A  f  r  and  2  A/ d  from  1  to  2,000  ;  while  the  light 
curves  are  for  larger  values  of  df  r  from  20  to  500,  and  the  large 
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values  oi^kjr&nd^hj  d  from  2,000  to  20,000.  Having,  by  means 
of  the  Tables,  ascertained  the  value  of  the  line  capacity  per  unit  of 
length,  the  impedance  may  be  determined  by  either  of  the  above 
methods  at  the  discretion  of  the  operator. 

407-    Sec.  b.  —  One  aerial  jvire  with  ground  return. 

By  means  of  the  method  of  "  Images,"  as  indicated  on  page  452, 
it  can  be  shown  that  the  capacity  of  an  aerial  wire  with  a  ground 
return  is  given  by  the  expression  — 


and  the  value  of  this  formula  may  be  at  once  derived  as  just  de- 
scribed, by  substituting  2d  for  d. 

408.    Sec.  £.  —  Concentric  Cables. 

When  one  of  the  conductors  is  rolled  into  a  cylinder  surrounding 
the  other,  forming  a  concentric  cable,  the  geometrical  relations  of 
the  circuit  are  not  altered,  and  the  capacity  may  be  expressed  by  the 
same  formulic,  by  substituting  r',  the  radius  of  the  outer  conductor, 
forrf.     In  the  formula  — 

^— 4' 

41og,2 

the  value  of  C  is  for  one  unit  of  conductor  length,  and  the  total 
capacity  is  obtained  by  multiplying  by  the  entire  length  of  the 
circuit.  In  speaking  of  concentric  cables,  it  is  usual  to  consider  the 
length  of  the  cable,  which  is  only  one-half  the  length  of  the  circuit 
contained  by  the  cable;  and  if  the  formula  — 

4Iog,^ 

xised  to  give  the  capacity  of  a  cable,  be  multiplied  by  the  length  of 
the  cable,  the  result  will  be  only  one-half  the  desired  amount.  It  is 
necessary  that  the  value  of  C  be  multiplied  by  the  cable  circuit  or 
twice  the  length  of  the  cable  for  the  true  capacity,  and  the  formula 
reduces  to  the  common  expression  — 


21og.^ 
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409.   Sec.  d.  — ■  Effect  of  adjacent  bodies. 

In  the  consideration  of  capacity  effect,  attention  has  only  so  far 
been  given  to  the  mutual  reactions  of  the  two  conductors  forming 
the  circuit.  If  circuits  could  be  thought  of  as  electrically  separated 
from  all  other  bodies,  there  would  be  no  further  modification;  but  this 
is  never  the  case  and  it  becomes  necessary  to  recognize  the  presence  of 
other  bodies.  Take  the  simple  case  of  a  single  wire  of  radius  r,  set  at 
a  height  h  above  the  ground,  with  a  ground  return  as  modified  by  the 
presence  of  an  additional  wire  of  the  same  size,  set  at  a  distance  i 
from  the  first  wire.  Mr.  Heaviside  shows  (in  the  article  above  referred 
to)  that,  under  these  circumstances, — 


^■°^^-^) 


.4343 1  2  Ic^ 


In  Table  No.  72,  Sec.  6,  there  will  be  found,  on  the  right-hand  side 
of  the  center  vertical  scale,  a  set  of  diagonals  a'  for  ascertaining 
the  values  of  tltl'd  and  2A  /  r.  The  height  above  the  ground  //  is 
on  the  top  horizontal  scale,  while  the  diameter  of  the  conductors  and 
the  distance  between  them  will  be  found  on  the  bottom  scale;  the 
portion  of  the  table  is  used  in  a  manner  similar  to  that  given  for  the 
a  on  Sheet  1.  As  an  example,  assume  a  No.  00  wire  10  ft.  from 
the  ground,  with  a  second  No.OO  wire  6"  from  it.  Here,  the  dia- 
meter of  the  wire  is  365  mils,  hence  r=  183,  </=  6"  =  A  ==  10  ft. 
=  120".  F"ind  2/i  /  d  =  40,  by  following  a  diagonal  from  6  on  the 
lower  bottom  scale  to  its  intersection  with  a  vertical  through  120  on 
the  top  scale,  and  then  a  horizontal  to  the  scale  marked  "2/t/d," 
finding  40  as  the  desired  value.  Find  2/i  /  r  =  1,810,  in  a  similar 
manner.     Then  determine  the  values  of  ^ — 

.4343  ( 


3  (2  log  ^)        and        (siog^y. 

rizontal 
^  and  h! 
y  2.7  an. 

for  /  2  log  1/1  +    ^     ]   is  gained  in  a  similar  manner,  as  10.26, 


by  following  a  horizontal  from  1,810  to  the  intersection  with  the 
respective  curves  g"  and  h',  and  then  a  vertical  to  the  lower  scales, 
getting  respectively  2.7  and  38.8  as  the  desired  values.     The  value 
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by  following  a  horizontal  through  40  to  the  intersection  with  the 
curve  i,  and  then  a  vertical  to  the  top  scale,  obtaining  10.26  ; 
then,  C  =      -  J  ■  =  .094  electrostatic  C.  G.  S.  units. 

In  a  similar  manner  the  effect  of  more  than  one  adjacent  wire 
may  be  obtained.  The  problem,  however,  soon  becomes  so  complex 
as  to  be  very  difficult  of  solution.  The  addition  of  a  second  wire 
increases  the  capacity  about  11  per  cent,  and  with  three  more  wires 
the  increment  is  about  24  per  cent.  Probably  the  most  important 
case  of  the  effect  of  adjacent  bodies  is  the  consideration  of  the 
reaction  of  the  earth  on  a  complete  metallic  circuit.  For  this  com- 
bination Mr.  Heaviside  shows  that  the  capacity  is  given  by  the  ex- 
pression —  . -j 

.4343(21ogy'l  +  |"gA]j 


(„„,?A)'_(„„,vT7i^)' 


(179) 


The  solution  of  this  formula  is  made  in  the  same  manner  as  given 
for  the  preceding  case.  Assuming  the  same  data  as  in  the  last 
example,  — 


C  = 


38.8  —  10.26 


=  .048  electrostatic  C.G.S.  units. 


SOO.  Charaoter  of  Dieleotria  —  In  the  preceding  formulas  for 
capacity,  the  value  of  the  specific  inductive  capacity  of  the  dielectric 
has  been  assumed  as  1,  the  value  for  air.  Should  any  other  sub- 
stance be  used,  the  formulae  must  be  multiplied  by  the  proper  co- 
efficient k,  for  difference  in  specific  inductive  capacity ;  the  value  for 
k  will  be  found  in  Table  No.  74. 

Table  No.  74. 
Spodfla  Indaottve  Oapadty. 


Nahi  or  SuBTAxn 

Spkific  Ihduc- 

Nam.  of  Sumtakcb. 

Spitifk:  Induc 

Air 

1 

Ovbon  Di-oiids     .    .    . 

i.onns 

GUu 

Hjdtogtn 

.98901 

Sh,IUc 

1JB10I.7M 

.9SH1 

S-'ph"' 

Y=UowW« 

1.86 

G«iu-pmh» 

lJaOlo4.20 

Rwn. 

2.2M 

Z.S20  to  3.T0 

Mid 

TuipeniiiH 

2.190 

Ftinl  GliM.  eilra  *jii«! . 

ftSB  10  10.10 

Di.filkd  Wiier .    .    .    . 

7ej» 

Pmffine 

Carbon  Bisulphide      .    . 

1.810 

Pi"1( 

1.80 
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CHAPTER  XIV. 

I   DIBTRIBUTIOir, 


Art.  BOl.  Origin.  —  In  the  earliest  attempts  to  distribute  en- 
ergy by  means  of  electricity,  one  source  of  supply,  or  generator,  was 
connected  directly  with  a  single  device  for  utilizing  the  energy  pro- 
duced. The  generator  and  receiver  were  separated  by  but  a  short 
distance ;  and  thus  a  simple  circuit  of  wire,  sufficient  to  carry  the 
small  amount  of  current  produced  by  the  early  dynamos,  was  amply 
sufficient  for  the  purpose  required. 

BOS.  The  next  step  in  the  development  of  distribution  was  the 
introduction  of  two  or  more  receiving  mechanisms  placed  succes- 
sively upon  the  same  circuit.  From  this  as  a  starting-point  systems 
for  supplying  electrical  energy  have  gradually  grown  until  they  have 
attained  their  present  complexity,  involving  miles  of  mains  receiving 
from  central  stations  of  immense  size  amounts  of  energy  to  be  meas- 
ured by  thousands  of  horse-power,  and  distributing  the  same  over 
many  square  miles  of  territory.  So  long  as  a  single  generator  sup- 
plied but  one  receiver,  the  load  was  a  constant  one,  the  receiver, 
when  running,  absorbing  all  the  energy  delivered  by  the  generator, 
and  the  generator  operating  under  no  load  when  the  receiver  was  cut 
out  of  service.  In  modern  systems  the  load  not  only  varies  in  quan- 
tity from  time  to  time,  thus  varying  the  demands  placed  both  on  the 
distributing  system  and  upon  the  generators  ;  but  often  the  load  is  a 
movable  one,  its  position  with  reference  to  the  generating-station 
constantly  varying.  Thus  it  is  apparent  that  with  the  developments 
of  new  and  additional  methods  for  utilizing  electrical  energy  many 
complicating  factors  have  been  introduced  into  the  problem  of  distri- 
bution. 

603.  Classifloation.  —  The  quantity  of  energy  carried  by  any 
circuit  is  measured  by  the  product  of  two  factors,  one,  the  electro- 
motive force  or  pressure,  being  that  unknown  quality  of  this  form  of 
energy  by  means  of  which  it  is  enabled  to  overcome  resistance,  and 
the  other  the  quantity  or  amount  of  electricity,  which,  by  the  aid  of 
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the  electro-motive  forc^  is  set  in  motion,  and  is  therefore  capable  of 
doing  work.  Three  methods  may  therefore  be  employed  for  varying 
the  amount  of  energy  delivered  by  any  circuit.  If  the  quantity  of 
electricity  remains  constant,  the  quantity  of  energy  will  vary  directly 
as  the  electro-motive  force.  If  the  voltage  is  kept  constant,  and  the 
quantity  of  current  varied,  the  amount  of  energy  transmitted  will  be 
in  direct  proportion  to  this  variation.  To  state  the  relation  in  mathe- 
matical language,  if  (2  be  the  quantity  of  energy,  V  the  voltage  of 
the  circuit,  and  /  the  amount  of  current  in  amperes,  Q  varies  directly 
as  the  product  of  VI.  Thus  it  is  apparent  that  by  varying  either  of 
the  factors,  the  amount  of  energy  transmitted  to  any  point  may  be 
consequently  changed  in  any  desired  degree.  It  is  also  plain  that  a 
similar  change  could  be  effected  by  varying  both  the  current  and 
electro-motive  force.  For  most  purposes,  however,  the  variation  of 
both  factors  introduces  undesirable  complications  to  such  an  extent 
that  this  latter  method  is  rarely,  if  ever,  adopted.  To  recapitulate, 
therefore,  circuits  maybe  treated:  — 

First.   As  constant  current  circuits. 

Second.   As  constant  potential  circuits. 

The  problem  of  distribution  under  either  of  the  preceding  divis- 
ions may  still  further  be  varied  by  the  relative  position  of  the  gen- 
erator and  receivers.  Under  the  supposition  either  of  a  constant 
current  or  a  constant  potential  circuit,  the  receivers  may  either  be 
placed  at  a  constant  distance  from  the  generating-station,  or  may, 
from  time  to  time,  occupy  a  varying  position  with  reference  to  the 
same.  So  four  conditions  arise  under  which  distribution  may  be 
considered. 

1.  Constant  Current  Circuits  having  the  generators  and 
receivers  at  fixed  distances  respecting  each  other. 

2.  Constant  Current  Circuits  having  the  generators  and 
receivers  at  varying  distances  respecting  each  other. 

3.  Constant  Potential  Circuits  having  the  generators  and 
receivers  at  constant  distance  respecting  each  other. 

4.  Constant  Potential  Circuits  having  the  generators  and 
receivers  at  varying  distances  respecting  each  other. 

B04.  1.  Constant  Current  Circuits  with  Generators  and  Receivers 
at  Fixed  Distances.  —  From  the  first  attempts  involving  a  single 
{generator  delivering  all  of  its  energy  to   one  receiver,  the  next 
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Step  was  to  embrace  along  one  circuit  two  or  more  receivers,  placed 
one  after  the  other.  As  the  receivers  were  arranged  succeeding 
each  other,  having  the  same  current  pass  through  all  of  them,  this 
kind  of  circuit  came  to  be  known  under  the  name  of  "  Series  Dis- 
tribution." The  current  through  the  entire  circuit  being  a  constant 
one,  this  method  is  particularly  adapted  to  installations  covering  a 
large  territory,  in  which  the  load  throughout  the  entire  area  is  essen- 
tially uniform.  Municipal  illumination,  whether  by  arc  or  incan- 
descent lamps,  is  properly  arranged  by  the  series  system.  The 
operation  of  motors  upon  series  circuits  is  perfectly  feasible,  espe- 
cially if  the  motor  load  be  so  reasonably  constant  that  the  machines 
may  run  steadily  and  uniformly.  As  all  of  the  receivers  are  traversed 
by  the  same  current,  the  conductor  that  successively  unites  them  is 
most  simply  arranged  along  the  sides  of  an  irregular  polygon  of 
which  the  various  receivers  form  the  apices.  The  location  of  the 
line  should  therefore  be  designed  by  a  careful  examination  of  the 
proposed  site  of  the  circuit,  in  order  to  select  among  all  of  the  possi- 
ble locations  that  which  will  give  a  polygon  having  the  shortest  total 
perimeter.  Frequently  the  arrangement  of  city  streets,  or  regular 
tions  of  city  authorities,  militate  against  the  selection  of  the  shortest 
and  most  direct  route  for  the  circuit.  The  dictates  of  economy, 
however,  indicate  that  special  attention  should  be  given  to  arranging 
the  circuit  with  a  view  to  attaining  the  minimum  length  of  conductor 
that  can  possibly  be  selected. 

B05.  Looation  of  Station.  —  After  the  location  of  the  circuit  is 
determined,  it  is  entirely  immaterial  at  which  point  upon  the  route 
the  central  station  is  placed.  Should  it  be  impracticable  to  locate 
the  plant  exactly  upon  the  line  of  the  route,  it  should  be  situated  as 
near  to  it  as  circumstances  will  permit ;  and  all  locations  giving  the 
same  distance  measured  along  the  line  of  the  conductor  from  pole  to 
pole  of  the  generators  are  equally  favorable.  This  latitude  in  the 
location  of  the  central  station  is  one  of  the  most  valuable  properties 
of  the  series  system  ;  for  it  allows  the  selection  of  the  site  of  the  cen- 
tral station  to  be  entirely  controlled  by  such  conditions  as  economy 
in  cost  of  real  estate,  availability  of  fuel,  water  supply,  etc. 

606.  Current  Density  in  Main  Circuit.  —  As  soon  as  the  loca- 
tion of  the  circuit  is  selected,  it  becomes  possible  to  design  the  line. 
Here  the  engineer  must  make  such  a  selection  between  the  dimen- 
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sions  for  the  conductor  as  indicated  by  strict  rules  of  economy,  and 
those  proscribed  by  the  commercial  limitations  of  manufactured  goods, 
as  will  lead  to  the  best  and  most  economical  design.  The  nature  of 
the  service  to  which  the  plant  is  to  be  applied  is  usually  the  chief 
governing  condition  ;  so  a  reasonably  accurate  knowledge  of  the  num- 
ber of  receivers,  the  current  and  electro-motive  force  of  each,  and  the 
resistance  of  the  line,  must  be  known,  together  with  a  parallel  knowl- 
edge of  the  properties  of  the  generators  obtainable,  in  order  that  the 
supply  and  demand  of  station  and  line  may  be  mutually  adjusted.  ' 
As  the  plant  is  to  be  a  constant  current  one,  in  which  all  parts  of 
the  circuits  are  traversed  by  the  same  current,  it  is  apparent  that  all 
the  receivers  must  be  capable  of  operating  under  this  imposed  cur- 
rent, and  that  only  such  receivers  as  can  do  so  must  be  placed  in  the 
circuit.  Only  such  generators  as  can  supply  this  predetermined 
current  can  be  used  in  the  station.  By  varying  the  electro-motive 
force  at  the  terminals  of  the  receivers,  different  amounts  of  power 
can  be  supplied  to  different  customers. 
Let  /  =  the  current  selected  for  the  line  in  amperes. 

E  —  the  electro- motive  force  of  the  station. 
e,  /,  i",  etc.  =  electro-motive  forces  of  the  different  receivers. 
«,  »',  «",  etc.  =  the  number  of  each  kind  of  receiver. 

Jf  ^  the  resistance  of  the  line. 

Z  =  the  length  of  the  line  from  pole  to  pole  of  the  station. 

S  =  the  cross-section  of  the  conductor. 
p  =  the  specific  resistance  of  the  conductor. 
The  energy  demanded  by  the  receivers  is  evidently  — 

3/(  w  +  >//  +  «"/'  +  etc).  (180) 

The  resistance  of  the  line  is  — 

In  order  to  deliver  a  current  of  /  amperes  to  the  customers,  an 
ramount  of  energy  equal  to  pLI^  /  5  must  be  expended  in  the  line ; 
the  station,  therefore,  must  supply  energy  to  the  amount  of^ 

EI  =  5/  {fu  +  «V-(-  «"/'+  etc.)  +  £^ .  (181) 

The  number  of  receivers,  the  current,  and  electro-motive  force  required 
by  them,  with  the  length  of  the  conducting  circuit,  are  fixed  by  the 
general  condition  of  service  that  the  proposed  plant  is  intended  to 
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perform  ;  so  in  equation  (181)  there  remains  E,  p,  and  5  as  possible 
variables  whose  value  is  to  be  determined  by  the  designer  according 
to  the  best  economic  condition.  Experience  has  eliminated  all  mate- 
rials except  copper  from  circuits  designed  to  supply  power ;  />,  there- 
fore, may  always  be  assumed  as  the  specific  resistance  of  this  metal. 
In  the  selection  of  E,  the  engineer  is  limited  to  the  existing  commer- 
cial forms  of  dynamos,  or  some  combination  of  them.  It  is  advisable 
to  keep  E  as  low  as  possible ;  for  with  high  potentials  the  danger 
'  and  difficulties  to  be  encountered,  the  probabilities  of  interruption  to 
service,  and  the  expense  of  maintenance  are  largely  increased,  thus, 
in  reality,  S  becomes  the  important  variable  ;  solving,  then,  for  S,  — 


_  ^I(w +  «'«'  +  «"«" -H  etc).'  ^'^'^^ 

For  an  exact  solution  of  this  equation  the  value  of  E  must  be  known. 
This,  however,  as  has  been  seen,  may  vary  within  what  may  be 
called  commercial  limits.  Now,  as  the  cost  of  the  line  varies  quite 
closely  with  S,  it  becomes  important  to  inquire  into  the  conditions 
governing  S  and  E  that  shall,  in  the  most  commercial  manner,  reduce 
original  outlay  and  maintenance. 

The  quantity  I  /  Sis  the  current  density  per  unit  of  area  of  the 
conductor,  and  is  frequently  used,  lines  being  simply  proportioned  so 
that  the  current  density  shall  not  exceed  a  certain  predetermined 
amount. 

607.  Boonomioal  Conditions.  —  So  long  as  electrical  distribu- 
tions were  comparatively  of  small  magnitude,  involving  but  a  single 
generator  supplying  one  receiver  and  requiring  but  a  limited  circuit, 
the  question  of  economy  in  the  conductors  occupied  but  a  small  and 
subordinate  held  of  consideration.  A  wire  amply  large  enough  to 
transmit  all  of  the  energy  was  introduced  with  but  little  thought  as 
to  the  cost  of  the  circuit.  As  soon,  however,  as  systems  of  distribu- 
tion commenced  to  ramify  over  areas  of  magnitude,  the  cost  of  the 
copper  conductors  immediately  arose  to  a  position  of  great  impor- 
tance, in  many  cases  equalling,  if  not  exceeding,  the  cost  of  the 
remainder  of  the  plant ;  therefore  rendering  it  imperative  that  their 
design  should  be  treated  with  the  utmost  care  along  the  lines  of  the 
most  rigid  economy. 

In  designing  a  system  of  conductors,  eight  points  must  be  care- 
fully considered  in  order  to  secure  the  best  results. 
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1.  The  conductors  must  be  so  proportioned  that  the  energy  trans- 
mitted through  them  will  not  cause  an  undue  rise  of  temperature. 

2.  The  conductors  must  have  such  mechanical  properties  as  to 
enable  them  to  be  successfully  erected,  and  so  durable  as  to  require 
a  minimum  of  annual  maintenance. 

3.  The  conductors  may  be  so  designed  as  to  entail  a  minimum 
first  cost  in  line  construction. 

4.  The  conductors  may  be  designed  to  attain  a  minimum  first 
cost  for  station  construction. 

5.  The  conductors  may  be  so  designed  to  reduce  first  cost  of 
plant,  and  cost  of  operation  and  maintenance  to  a  minimum. 

6.  The  conductors  may  be  designed  to  secure  minimum  total 
first  cost  of  installation. 

7.  The  conductors  may  be  so  designed  as  to  secure  maximum 
conditions  of  good  service. 

8.  The  conductors  may  be  so  designed  as  to  attain  a  maximum 
of  income  with  a  minimum  of  station  first  cost. 

508.  Careful  consideration  of  the  foregoing  conditions  indicate 
such  a  degree  of  incompatibility  between  them  that  it  is  impossible 
to  fully  realize  all  in  any  one  plant.  The  skill  of  the  designer  is, 
therefore,  to  be  exhibited  in  such  a  selection  of  governing  conditions 
as  will,  in  each  particular  case,  develop  a  maximum  service  with  a 
maximum  economy.  Compliance  with  the  first  two  conditions  is 
necessary  in  all  distributing  installations  ;  for  if  either  the  safe  heating 
limit,  or  working  strength  of  the  conductors  be  exceeded,  the  lines 
become  positive  sources  of  danger  to  life  and  property. 

600.  1.  Desisn  for  Heating  Limit.  —  In  every  conductor  a  cer- 
tain amount  of  energy  is  transformed  into  heat  and  wasted  by  being 
radiated  from  the  conductor  itself. 

The  most  economical  size  of  conductor  to  be  used  for  a  particular 
installation  will  then  depend  largely  upon  the  cost  of  producing 
energy ;  for,  if  the  station  operating  expenses  are  low,  so  that  the 
cost  of  production  is  small,  and  cost  of  the  conductors  comparatively 
high,  it  is  obvious  that  the  least  metal  section  consistent  with  safety 
should  be  selected,  in  order  that  the  interest  on  the  cost  and  the 
maintenance  expenses  of  the  conductor  may  be  a  minimum,  and 
balance  the  cost  of  the  amount  of  energy  lost  by  transformation 
into  heat. 
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Bia  On  the  contrary,  where  station  operating  expenses  are  high, 
and  cost  of  conductor  installation  is  comparatively  low,  the  converse 
will  hold  true ;  it  being  under  these  circumstances  advisable  to  put  a 
larger  investment  of  capital  into  the  conductors  in  order  to  reduce 
the  losses  in  the  line  to  a  minimum. 

611.  It  is  conceivable  that,  under  the  first  conditions,  the  cost  of 
producing  the  energy  lost  in  the  conductors  may  be  so  great,  that  to 
attain  the  most  economical  arrangement  the  conductors  should  be 
so  small  that  the  energy  transformed  into  heat  would  be  sufficient  to 
raise  the  conductors  to  a  dangerous  temperature. 

Notwithstanding  the  masterly  investigations  of  Mr,  Kennelly  into 
the  subject  of  the  heating  of  conductors,  to  which  reference  has  been 
made  in  Chapter  XII.,  there  is  yet  hardly  as  much  experimental  knowl- 
edge on  the  subject  as  could  be  desired,  so  that  electrical  circuits  are 
often  located  in  situations  to  which  Mr.  Kennelly's  rules  do  not  fully 
apply,  or  in  which  the  service  is  of  unexpected  severity.    . 

The  case  of  concentric  conductors  is  one  of  peculiar  interest. 
Here  one  conductor,  being  entirely  within  and  inclosed  by  a  second, 
can  have  little  or  no  chance  for  radiating  the  heat  developed  in  it 
unless  the  limit  be  kept  to  so  low  a  point  that  the  heat  in  the  interior 
conductor  may  pass  through  the  insulating  envelope,  through  the 
second  conductor,  and  thence  through  the  exterior  envelope,  into  the 
air,  without  developing  in  the  central  conductor  a  destructive  tem- 
perature. Under  such  circumstances,  a  very  large  factor  of  safety 
must  be  allowed  in  the  heating  limit  assigned.  This  point  is  par- 
ticularly emphasized  in  Mr.  Kennelly's  deductions.  Circuits  of  this 
kind  are  particularly  liable  to  injury  from  overheating,  as  they  are 
used  to  transmit  very  large  quantities  of  electrical  energy,  and  the 
pressure  brought  to  bear  on  the  designer  to  effect  a  saving  of  copper 
is  usually  severe.  Such  circuits  are  also  usually  inclosed  in  some 
form  of  conduit  structure  where  the  chances  for  radiation  are  ex- 
ceedingly poor.  It  is  true  that  the  conduits  being  buried  in  the  earth 
are  constantly  surrounded  by  a  low  mean  temperature,  which  greatly 
adds  to  the  safety  of  the  inclosed  circuits ;  yet,  on  the  other  hand, 
the  lack  of  air  circulation  and  poor  conductivity,  of  either  the  earth 
or  conduit  structure,  must  not  be  lost  sight  of  in  planning  for  the 
dissipation  of  the  heat  inevitably  evolved.  For  interior  wiring, 
special  pains  should  be  exercised  in  the  design  of  the  conductors  to 
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keep  their  maximum  temperature  well  under  control  WTiile  the 
rules  of  the  various  boards  of.  Fire  Underwriters  (See  Appendix  to 
Chapter  III.),  if  followed,  are  designed  to  afford  ample  protection  to 
buildings  carrying  electrical  circuits,  there  always  exists  a  temptation 
on  the  part  of  the  designer,  as  well  as  of  the  contractor  and  builder, 
to  eflfect  economy  by  using  a  minimum  amount  of  copper,  protected 
by  a  low  grade  of  insulation ;  by  employing  the  cheapest  and  least 
efficient  forms  of  interior  conduits ;  and  to  reduce  the  number  of 
safety  appliances  to  a  minimum.  The  consumer,  on  the  other  hand, 
usually  plans  for  less  electrical  service  than  his  future  requirements 
are  certain  to  demand.  Thus  there  is  the  constant  tendency  on  the 
one  side  toward  insufRcient  conductors  and  dangerous  installations, 
and  on  the  other  toward  the  use  of  a  current  exceeding  that  even  for 
which  the  circuits,  conduits,  and  other  appliances  were  designed.  It 
is  therefore  essential  to  use  particular  care  and  to  check  the  designs 
for  size  of  conductors  with  the  most  unfavorable  circumstances  that 
can  be  applied  to  the  location  in  which  they  are  placed,  as  indicating 
the  probable  temperature  that  may  be  attained  by  the  circuits, 

S12.  2.  Meohanioal  Strength.  —  It  frequently  occurs  that  the 
safe  heating  limit  indicates  a  wire  of  so  small  a  size  as,  mechan- 
ically, to  be  impracticable.  All  circuits,  whether  overhead,  under- 
ground, or  in  interior  conduits,  require  a  certain  amount  of  mechanical 
strength  in  order  that  the  conductors  may  be  introduced  in  their 
appropriate  places  with  a  minimum  amount  of  installation  expense, 
and  without  endangering  the  integrity  of  the  line.  The  lines  must 
likewise  have  sufficient  strength  to  withstand  for  a  reasonable  period 
of  time  the  natural  wear  and  tear  to  which  plants  of  this  kind  are 
subjected.  It  would  at  first  sight  appear  that  the  conductors,  after 
being  installed  either  in  underground  conduits,  or  as  house-wiring, 
should  be  exempt  from  disturbing  influences,  and  would  constantly 
retain  their  integrity.  On  the  contrary,  numerous  causes  are  oper- 
ative, constantly  exposing  the  circuits  to  disturbing  influences,  such 
as  settlement  and  shrinkage  of  the  structures  in  which  the  circuits 
are  inclosed,  the  mischief  done  by  rats  and  mice,  necessary  changes 
and  rearrangement  of  the  lines,  and  many  other  causes  of  similar 
description — all  tending  to  affect  the  mechanical  integrity  of  the 
conductors. 

In  aerial  circuits  unusual  snow  or  sleet  loads,  high  winds,  the 
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'abrasion  of  tree  branches,  etc.,  are  constantly  tending  to  destroy  the 
conductors.  Thus,  in  many  cases,  the  safe  heating  limit  may  indi- 
cate a  conductor  too  weak  from  a  mechanical  standpoint  to  be 
successful ;  and  the  introduction  of  such  a  circuit,  while  perhaps 
more  economical  in  first  cost,  will,  in  a  very  short  time,  prove  to  be 
enormously  expensive  from  the  standpoint  of  maintenance. 

618.  3.  Minimum  First  Cost  of  Line.  —  The  first  cost  of 
any  circuit  is  separable  into  three  distinct  elements ; 

First.  The  actual  cost  of  the  copper  necessary  to  transmit  the 
required  amount  of  energy. 

Second.  The  cost  of  insulating  or  protecting  the  same  elec- 
trically. 

Third.     The  cost  of  installing  or  erecting  the  circuits. 

For  installations  simply  for  temporary  purposes,  such  as  the 
illumination  of,  or  operation  of  motors  for,  the  construction  of 
public  works,  etc.,  in  which  the  area  covered  is  of  small  extent,  and 
the  plant  only  expected  to  run  for  a  limited  portion  of  time,  the 
most  rigid  economy  should  be  exercised  in  the  design  of  the  circuit, 
and  in  the  provisions  made  for  its  introduction  ;  for  it  is  ob\'ious 
that  the  circuit  being  in  use  but  for  a  short  period  of  time,  and  in 
a  location  where  the  wire  is  likely  to  undergo  considerable  injurj, 
will  be  subject  to  hut  very  little  salvage  when  the  work  for  which 
it  is  installed  is  completed.  Thus,  under  these  circumstances,  the 
cheapest  kind  of  pole-line,  with  meager  insulation,  sufficient  only 
for  purposes  of  safety  to  the  workmen,  and  embracing  the  smallest 
possible  amount  of  copper,  is  the  one  to  be  selected. 

From  such  circuits  it  is  rare  to  obtain  more  than  one-third  or 
one-fourth  of  the  value  of  the  line  as  salvage. 

The  generating-plant,  on  the  contrary,  so  far  as  dynamos  and 
engine  consist,  is  but  little  injured  by  service  of  this  kind,  and  may, 
at  the  end  of  the  work,  be  credited  back  at  almost  its  full  value. 
In  such  lines  it  usually  pays  to  waste  a  large  amount  of  energ>'  in  the 
conductors  in  order  to  reduce  the  first  cost  of  the  line  to  a  minimum. 

614.  With  permanent  distribution  plants  of  large  m^nitude, 
such  as  are  usually  tributary  to  central  stations,  the  first  cost  of  the 
circuit,  while  it  should  receive  careful  consideration,  should  never  be 
allowed  to  militate  against  the  introduction  of  the  very  best  possible 
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style  of  conductors  adequately  designed  for  the  work  thrown  upon 
them,  and  protected  by  all  the  best  known  means,  either  in  under- 
ground conduits  or  on  the  strongest  and  most  substantially  con- 
stracted  pole-lines. 

S16.  4.  Minimum  First  Cost  of  Station.  —  The  minimum 
first  cost  of  station  is  obviously  incompatible  with  the  minimum  first 
cost  of  conductors,  for,  if  the  amount  of  metal  in  the  conducting 
circuit  be  reduced  to  the  lowest  point  of  safety,  a  very  much  larger 
amount  of  energy  will  be  lost  in  the  circuit,  and  still  an  addi- 
tional amount  usually  escapes  through  leakage  due  to  defective  insu- 
lation. 

To  obtain  minimum  first  cost  on  station  plant,  it  is  essential  to 
expend  a  much  larger  capital  in  the  line,  in  order  that  the  station 
plant  may  be  enabled  to  deliver  the  requisite  amount  of  energy  to 
the  various  receivers,  without  being  loaded  with  line  losses. 

616,  In  city  locations,  where  und^ground  conduits  are  a 
necessity,  the  cost  of  the  circuits  is  the  largest  item  in  the  installa- 
tion of  the  plant.  In  order  to  avoid  constant  reopening  of  the 
streets  to  accommodate  enlargements  or  extensions,  it  is  advisable 
to  work  out  the  design  of  the  conductors  on  a  sufficiently  large  scale 
to  meet  all  of  the  business  that  is  likely  to  accrue  for  several  years. 
The  conductors  under  these  circumstances  will  be  much  larger,  and 
will  cover  a  very  much  greater  territory,  than  the  immediate  demands 
of  the  business  will  indicate,  and  will  necessitate  a  corresponding 
investment.  Yet  a  structure  of  this  kind,  carefully  arranged  to 
reduce  the  annual  maintenance  to  a  minimum  is,  under  such  circum- 
stances, a  paying  investment.  The  station,  on  the  other  hand,  may 
be  planned  for  a  minimum  of  first  cost,  and  the  buildings  so  arranged 
that  additional  generating  units  may  be  added  from  time  to  time  as 
the  business  grows.  The  utility,  under  such  circumstances,  of  a 
super-abundance  of  copper  in  the  conductors  is  also  apparent,  as  it 
evidently  affords  to  the  station  the  ability  to  carry  the  load  thrown 
upon  it  with  the  least  expenditure  of  energy  lost  in  the  conductors 
themselves,  and  with  the  least  initial  investment  of  capital. 

617.  5.  Minimum  First  Coat  of  Plant  and  Minimum  Cost  of 
Maintenance  and  Operation.  —  To  reduce  the  initial  cost  of  the 
conducting  system  to  a  minimum,  it  is  necessary  to  employ  the 
smallest   mains  consistent   with   safety.     This  plan  causes  consid- 
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erable  waste  of  energy  in  the  leads  by  transformation  into  heat, 
thus  increasing  the  cost  of  the  operating  expense  by  the  amount 
recjuired  to  produce  this  lost  energy,  and  also  necessitating  such  an 
additional  expense  in  the  construction  of  the  station  as  is  required 
to  provide  the  additional  amount  of  plant  necessary  to  produce  the 
energy  wasted  in  the  conductors,  over  and  above  that  which  is 
essential  to  supply  the  demands  of  the  customers.  Thus  false 
economy  introduced  by  reducing  the  size  of  the  conducting  system 
may  increase  both  the  total  cost  of  the  plant  and  the  cost  of  opera- 
tion. On  the  contrary,  by  using  large  mains  of  low  resistance,  the 
lost  energy  and  cost  of  additional  station  capacity  may  be  reduced 
to  any  desired  amount,  but  only  by  a  corresponding  increase  in  the 
expense  of  the  conducting  system. 

S18.  There  evidently  exists  in  every  plant  a  certain  relation  be- 
tween the  cost  of  station  equipment,  conducting  system,  and  lost 
energy  that  will  reduce  the  sum  of  these  three  quantities  to  a  mini- 
mum, indicating  the  conductor  that  in  the  long  run  will  be  the 
cheapest,  both  as  regards  the  gross  expense  of  installation  and  the 
cost  of  operation.  The  determination  of  this,  the  most  economical 
cross-section  of  the  conductor,  is  somewhat  complicated,  and  must  be 
made  for  each  plant  under  its  peculiar  conditions  of  operation,  with 
special  reference  to  the  following  considerations  :  — 

First.       Cost  of  station  per  watt  of  output. 

Second.    Cost  of  producing  energy  per  watt. 

Third.     Cost  of  conductor  per  unit  of  cross-section  and  length. 

Fourth.  Cost  of  conductor  insulation  per  unit  of  cross-section 
and  length. 

Fifth.  Cost  of  erecting  or  installing  the  line  (such  as  pole-line 
or  conduit  expense). 

Sixth.      Rate  of  interest  on  total  invested  capital. 

Seventh.  Rate  of  depreciation  upon  capital  invested  in  the  station. 

Eighth.  Rate  of  depreciation  upon  the  cost  of  the  metallic  por- 
tion of  the  conducting  system. 

Ninth.  Rate  of  depreciation  upon  the  cost  of  the  insulating  por- 
tion of  the  conducting  system. 

Tenth.  Rate  of  depreciation  upon  the  cost  of  the  conduit,  or 
pole-line. 
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610.  This  problem  was  first  proposed  to  electrical  engineers  by 
Sir  William  Thomson  in  1881,  The  solution  then  suggested  predi- 
cated that  the  total  cost  of  the  conducting  system  varied  directly  as 
the  weight  of  the  material  employed  for  the  conductors,  and  that 
it  was  simply  essential  to  make  the  annual  interest  and  depreciation 
upon  the  cost  of  the  conducting  system  equal  to  the  cost  of  the 
energy  wasted  therein.  Closer  investigation,  however,  indicates  the 
advisability  of  considering  as  variables  all  of  the  afore-mentioned 
quantities. 

SSO.  Scrutinizing  the  cost  of  conductors,  their  expense  may  evi- 
dently be  divided  into  two  parts  —  one  the  cost  of  the  metal  em- 
ployed, and  the  other  the  cost  of  the  insulating  material.  The 
expense  of  bare  wire  and  copper  strips  evidently  varies  as  their 
weight  or  cross-section ;  and  the  expense  of  the  material  for  uninsu- 
lated lines  may  be  expressed  by  the  equation  — 

y  =  iS,  (183) 

in  which  ^  is  the  cost  per  unit  of  length,  S  being  the  cross-section 
of  the  conductor  expressed  in  any  desired  units,  and  i  a  constant 
depending  upon  the  varying  price  of  line  material  per  unit  of  weight. 

Stranded  cable  is  slightly  more  expensive  than  solid  conductors, 
but  this  simply  increases  the  value  of  i. 

621.  While  the  amount  of  insulating  material  necessary  to  pro- 
tect wires  and  cables  does  not  vary  exactly  with  the  area,  the  rate  of 
variation  for  all  of  the  more  common  forms  commercially  employed 
is  so  nearly  proportional  to  the  cross-section,  that  this  rate  may  be 
assumed  without  serious  error.  So,  for  any  given  class  or  kind  of 
insulation,  the  expense  of  the  conducting  system  may,  with  sensible 
accuracy,  be  expressed  by  the  equation,  — 

y=.a  +  />S,  (184) 

in  which  a  and  i  are  constants,  depending  upon  the  mode  of  manu- 
facture, and  the  kind  .and  quality  of  the  insulation,  and  the  current 
market  price  of  the  material  used.  Tp  determine  the  constants  of 
this  equation  for  any  particular  make  of  conductor,  or  class  and 
quality  of  insulation,  the  prices  for  three  or  four  cross-sectional  areas 
should  be  obtained,  and  their  values  plotted  on  a  sheet  of  cross-sec- 
tion paper  by  assuming  the  axis  X  to  be  the  axis  of  the  areas,  and 
that  of  Kthe  axis  of  cost.     By  obtaining  three  or  four  points  in  this 
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way,  and  drawing  through  them  a  line,  a  curve  of  prices  is  obtained, 
the  tangent  to  which,  at  any  point,  is  expressed  by  the  equation, 
y  =  a-\-  bS,  from  which  the  cost  of  any  desired  size  of  conductors 
may  be  readily  obtained.  Some  examples  of  such  curves  will  be 
found  in  Chap.  XVIIT. 

522.  By  means  of  a  similar  train  of  reasoning  and  gn^hical  con- 
struction, the  cost  of  pole-lines,  conduits,  subways,  or  other  structures 
necessary  for  the  installation  of  the  conducting  system,  may  be  ex- 
pressed and  obtained  by  a  similar  equation  — 

y  =  a'  -t-  ^5,  %  <186) 

in  which  y '  is  the  cost  per  unit  of  length  of  the  structure,  and  a '  and 
b'  are  constants,  depending  upon  the  kind  of  line  to  be  built,  while  S 
is  the  area  of  the  conductor  as  before. 

B33.  The  cost  of  the  line  installation,  however,  cannot  be  nearly 
so  exactly  determined  for  variations  in  the  size  of  the  conductors,  as 
it  is  evident  that  the  style  of  installation  which  is  adopted  is  a  very 
large  factor  in  the  rate  of  variation  of  the  cost.  In  the  ordinary  pole- 
line,  the  cost  will  be  almost  precisely  the  same  for  a  very  large  varia- 
tion in  the  cross-section  of  the  conducting  system ;  for  a  single  line 
of  poles  may  be  made  to  carry  either  one  very  small  conductor,  or  a 
great  many  of  large  cross-section,  the  only  additional  expense  en- 
tailed upon  the  additional  number  of  wires  being  that  necessary  for 
the  insulators,  and  the  labor  of  putting  the  lines  into  place.  Thus, 
for  pole-line  construction,  the  constant  n'  is  a  large  proportion  of  the 
value  oiy,  b'S  being  relatively  smalt. 

524.  In  a  similar  manner,  that  fraction  of  the  cost  of  under- 
ground conduits,  which  is  embraced  in  the  items  of  paving,  excava- 
tion, construction  of  manholes,  etc.,  is  very  nearly  constant  over  very 
wide  ranges  of  conduit  capacity  and  line  area,  the  cost  of  the  ma- 
terial used  for  the  ducts,  and  labor  of  placing  the  same,  being  the 
chief  items  that  vary  to  any  great  extent  with  the  size  of  the  con- 
ductor. For  a  concrete  conduit,  for  example,  with  bare  wire  mains, 
the  value  of  b'  is  zero;  for  this  description  of  conduit  can  contain 
any  desired  cross-section  of  conductor,  with  no  variation  in  the  ex- 
pense of  construction.  The  cost  of  placing  the  conductors  in  position 
should  be  included  in  the  term  b',  and  will  also  be  found  to  be  sensi- 
bly constant  for  all  cross-sections,  excepting  for  conductors  of  very 


,y  Google 


SEfi/ES  DISTRIBUTION.  473 

large  size,  but  will  vary  considerably  if  the  required  conductor  section 
is  split  into  several  parts. 

536.    Equations  for  minimum  first  cost  of  plant,  and  minimum 
cost  of  operation  and  maintenance. 
Let       (  —  the  rate  of  interest  charged  against  the  plant  in  per  cent. 

di  =  the  rate  of  depreciation  charged  against  the  hne  in  per  cent 
df  » the  rate  of  depreciation  charged  against  the  conduit  in  per  cent. 
Z  =  the  length  of  the  conducting  system  in  any  desired  units. 
U"  =  the  annual  charge  against  the  line  for  interest  and  depreciation. 

The  cost  of  the  line  will  be  — 

Ly  =  L  \ia  +  bS)  +  (a'  +  ^5)]  ;  (186) 

then,  U"  =  Z  [(a  +  bS)  X  (»  +  rfj)  +  (a'  +  y^  (»  +  ay].  (187) 

For  simplification,  let 

a^L{a{i^dii^d(j^d:^'), 
and  p  =  Z{b(i  +  d,)+l/  (/■  +  d.)); 

then,  £/"  =  «  +  ^S.  (188) 

I^t     F—  the  number  of  hours  per  annum  that  the  plant  operates. 

K  ~  the  cost  of  producing  energy  per  watt-hour,  K.W.-hour,orHJ*.- 
hour, 
then  assuming  the  notation  on  page  463,  pT*L  j  S  gives  the  energy 
lost  in  the  line,  and  as  S/  (/r^  +  etc.)  is  the  energy  supplied  to  the 
customers,  the  station  must  supply  — 

ol 

S 

The  cost  per  annum  of  the  energy  lost  in  the  line  will  be  FpPLK  j  S. 
If  K'  be  the  cost  per  watt  of  output  for  equipping  the  station,  and  » 
and  d,  the  rates  of  interest  and  depreciation  on  the  station,  then 

^(.■+« 

will  be  the  annual  charge  for  interest  and  depreciation  on  this  ex- 
pense.    If  U'  be  the  total  cost  per  annum  of  the  lost  energy,  then 

U'-lif-lFK+K'ii-i-JA  (189) 

For  simpliiication,  let 

\-^I'\FK+K'(,i  +  d,)1; 
then,  U'-i^. 
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Let  U'-U'  -\-  U",  then 

C^=a  +  ^5  +  Aj  (190) 

differentiating  with  respectto  S, 


-v4- 


(191' 


626.  A  consideration  of  this  equation  will  reveal  several  impor- 
tant deductions. 

First.  It  will  be  noticed  that  the  value  of  5  obtained  makes  that 
fraction  of  [/'  which  varies  with  5  equal  to  f ",  indicating  that  the 
most  economical  area  of  the  conductor  to  be  employed  is  that  ir. 
which  the  annual  cost  of  energy  expended  in  it  is  equal  to  the  sum 
of  the  interest  and  depreciation  on  that  fraction  of  the  total  capital 
outlay  which  is  proportional  to  the  weight  of  the  conductor  employed. 

637.  It  is  also  to  be  seen  that  inasmuch  as  £  and  L  do  not  enter 
into  this  equation,  the  most  economical  section  of  the  conductor 
depends  simply  upon  the  amount  of  current  in  the  circuit,  and  is 
entirely  independent,  either  of  the  voltage  at  the  generators,  or  at 
the  distance  to  which  the  energy  is  transmitted. 

628.  In  selecting  the  values  for  the  various  constants  in  the 
preceding  discussion,  considerable  judgment  should  be  exercised. 

The  value  of  t,  the  rate  of  interest  upon  the  total  capital  invested, 
will  vary  according  to  the  location,  and  will  naturally  be  made  to 
conform  to  the  prevailing  rates  of  interest  for  money  at  the  location 
of  the  plant. 

629.  The  rate  of  depreciation  on  the  station,  d,,  will  naturally 
subdivide  itself  into  four  constituents,  the  rate  on  the  buildings 
being  the  least  of  these,  which  for  fire-proof  construction  may  be 
taken  as  low  as  2  to  3  per  cent,  while  for  buildings  of  wood  or  o( 
less  permanent  character  this  constant  will  vary  from  6  to  8  per 
cent.  The  depreciation  on  dynamos,  provided  standard  types  of 
machines  are  selected,  and  are  not  allowed  to  be  dangerously  over- 
loaded, is  also  exceedingly  small,  varying  from  2  to  4  per  cent. 

83a    For  the  prime  movers,  whether  steam  or  water  motors  are 
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selected,  the  rate  should  be  considerably  higher,  varying  from  5  to 
10  per  cent,  while  on  the  boilers,  in  the  case  of  the  steam  plant,  the 
rates  of  depreciation  are  greatest,  and  should  be  assumed  at  from 
8  to  16  per  cent. 

631.  For  the  constant  </,,  the  depreciation  upon  the  conduit  or 
pole-line  part  of  the  conducting  system  also  varies  between  widely 
different  limits. 

SSa.  Permanent  structures,  such  as  cement-lined  or  iron-pipe 
concrete  conduits,  or  earthen-pipe  conduits,  undergo  little  or  no  depre- 
ciation, and  for  these  structures  d^  may  be  assumed  not  to  exceed 
2  per  cent  per  annum. 

6SS.  For  wooden  conduits  or  pole-lines,  on  the  contrary,  the 
value  of  d^  should  be  from  10  to  20  per  cent,  depending  on  the  loca- 
tion. In  a  similar  manner  d^,  the  depreciation  on  the  value  of  the 
circuits,  may  extend  over  a  wide  range.  For  lead-covered  cables 
with  the  highest  kind  of  insulation,  placed  in  underground  circuits, 
this  factor  may  be  almost  neglected.  For  rubber-covered  wire  in 
underground  conduits,  or  in  exposed  pole-lines  in  thickly  settled 
cities,  this  constant  should  have  a  value  of  20  per  cent,  or  more,  as 
the  insulation  is  very  rapidly  deteriorated  by  the  effects  of  gas  and 
water.  For  the  best  insulation  on  heavy  aerial  lines  rf,  should  vary 
from  5  to  10  per  cent ;  but  for  the  poorer  kinds,  such  as  underwriters' 
wire,  it  should  be  20  to  SO  per  cent.  In  cases  where  there  are  many 
trees,  di  may  be  as  high  as  40  to  60  per  cent, 

6S4.  It  is  thus  evident  that,  in  determining  the  factors  entering 
into  the  interest  charge  upon  the  cost  of  the  plant,  much  careful  con- 
sideration must  be  given,  as  usually  the  tendency  is  to  place  these 
factors  so  low  that,  after  a  short  time  of  operation,  the  maintenance 
charges  are  found  to  be  very  much  larger  than  was  first  estimated, 
and  consequently  sad  inroads  are  made  into  the  net  profits  of  the 
plant. 

685.  The  determination  of  the  factor  K'  is  one  which  will  vary 
considerably  with  the  character  of  the  plant  under  consideration. 
Apparently  this  value  would  be  most  properly  computed  by  determin- 
ing the  cost  per  watt  of  output,  then  assigning  K'  such  a  fractional 
part  of  this  sum  as  is  represented  by  the  ratio  of  the  lost  energy  to 
the  total  output.  In  many  instances  this  value  is  correct.  However, 
in  the  case  of  a  large  station,  with  a  very  short  line,  this  would  proba- 
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bly  give  A"  too  great  a  value ;  while,  on  the  contrary,  in  the  case  of  a 
small  station  with  a  very  long  line,  it  would  give  A"  too  small  a  value. 
It  is,  therefore,  essential  to  canvass  each  particular  instance  for  itself, 
and  assign  to  K'  such  a  proportionate  assessment  of  the  total  station 
value  as  seems  to  fit  the  particular  circumstances. 

sae.  In  a  similar  manner,  in  assigning  a  value  to  K,  considera- 
tion must  be  given  to  the  mutual  relations  of  the  line  and  station. 
Apparently  K  would  be  given  by  dividing  the  total  operating  ex- 
penses by  the  total  output  in  watts ;  and  while  this  value  in  many 
cases  is  partially  correct,  there  are  frequent  situations  in  which  it 
departs  widely  from  the  true  amount.  The  values  of  both  K'  and  A", 
and  in  fact  all  quantities  of  this  nature,  are  most  accurately  ascer- 
tained by  plotting  a  curve  as  indicated  in  Fig.  286,  in  which  the  axis 
of  X  indicates  the  varying  output  of  the  station,  and  that  of  Neither 
(in  the  case  of  K')  the  cost  of  installation, 
or  (in  the  case  of  K)  the  cost  of  producing 
energy,  and  selecting  for  the  desired  value 
of  K  or  K',  that  obtained  from  the  equa- 
tion of  a  tangent  to  the  curve  at  that 
particular  point,  representing  the  circum- 
stances in  question.  By  this  process,  as- 
f*  3U.  suming    If  to  represent  the  capacity  of 

""^  Vrn?  ***  *'""*       *'*^  station,  dK'  /  JW  or  dK  j  dW  is  ob- 
tained, instead  of  K  j  W  or  K'  j  IV;  for 
in  all  such  calculations  the  rate  of  variation  of  the  factors  entering 
into  the  problem  is  the  true  value  desired, 

687.  Conductor  Tables.  —  To  facilitate  calculations  for  the  most 
economical  conductor  cross-section.  Professor  Forbes  in  England, 
and  Professor  Cartwright  in  this  country,  have  calculated  a  series  of 
tables,  involving  the  cost  of  erecting  or  laying  one  ton  of  copper  and 
the  interest  and  depreciation  charges  allowed  upon  the  plant,  from 
which  the  most  economical  current  density  per  unit,  of  actual  cross- 
section  of  conductor,  can  readily  be  ascertained.  Extracts  from  these 
Tables  are  given  in  Table  No.  75,  A  and  B  (pp.  478  and  479). 

In  section  A,  the  left-hand  vertical  column  contains  the  rate  of 
interest  and  depreciation,  while  the  top  horizontal  line  gives  figures 
for  the  cost  of  laying,  or  erecting,  one  ton  of  copper.  This  cost 
is  supposed  to  cover  the  entire  cost  per  ton  of  the  wire  or  cable. 
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-with   its  insulation,  pole-line,   conduit,  or  other  supporting  struc- 
ture. 

In  section  B,  the  left-hand  vertical  column  indicates  the  cost  of 
energy,  in  terms  of  one  electrical  horse-power,  at  the  terminals  of  the 
generating  station,  while  the  top  horizontal  lines  give  the  area  of 
the  conductor  in  square  inches,  or  in  circular  mils.  This  Table  is 
calculated  for  a  current  of  100  amperes. 

The  use  of  the  Table  may  be  best  indicated  by  an  example.  Sup- 
pose, for  instance,  that  the  cost  of  laying  one  ton  of  copper  is  9600, 
and  that  12  per  cent  is  allowed  for  the  sum  ol  the  interest  and  depre- 
ciation upon  the  conducting  system.  Following  the  horizontal  line 
opposite  12  per  cent  in  the  left-hand  vertical  column  of  A,  until  this 
line  intersects  the  column  headed  9600,  the  number  .144  is  obtained. 

Assume  also  that  the  cost  of  producing  one  electrical  horse-power 
is  |!60  per  year.  Taking  the  borizontal  line  opposite  960  in  the  first 
left-band  vertical  column  of  Table  No.  76,  follow  the  horizontal  line 
along  until  the  nearest  corresponding  number  to  144  is  obtained  (in  this 
particular  example  the  number  is  exactly  144,  being  found  opposite 
60).  Running  up  this  column  to  the  top  of  the  table,  tVV  of  a  square 
inch,  or  280,104  circular  mils,  is  obtained  for  the  requisite  cross- 
section  of  the  conducting  system  to  carry  100  amperes. 

If  the  desired  current  in  the  conducting  system  is  any  other 
quantity  than  100  amperes,  the  cross-section  of  the  conductor  is 
obtained  by  solving  a  direct  proportion  thus  :  — 

100  (amperes)  :  proposed  current  : :  (}^  iS'^j^™)  ■  ^^  desired  area. 

688.  6.  Tbe  Conductors  may  be  so  desiffiied  as  to  secure 
a  total  minimum  first  cost  of  installation,  irrespective  of  operation 
and  maintenance. 

There  arises  frequent  occasion  to  use  an  electric  plant  on  work 
of  more  or  less  temporary  nature,  in  which  the  total  cost  of  the  ma- 
chinery and  operation  must  be  charged  against  the  work  in  question, 
as  the  circumstances  are  such  as  to  preclude  the  credit  of  any  sal- 
vage. Usually,  under  such  conditions,  the  cost  of  operation  cuts  too 
small  a  figure  to  be  regarded.  The  cost  of  line  and  generating-plant 
must  for  this  case  be  made  a  minimum.  Assuming  the  previous 
notation,  the  station  must  have  a  capacity  to  supply  — 

pL/* 
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Table  No.  75. —  Section  A. 
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if  A*'  is  the  installation  cost  per  watt  of  output,  — 

K'  [s  /  («<r  +  «■/  +  «"/'  +  etc.)  +  -£^1 

is  the  cost  of  the  station. 

The  cost  of  the  line  is  (see  equation  (186))  — 
Z[(fl  +  ^S)  +  (y  +  y^}; 
so  that  the  total  cost  of  the  plant  is  — 

[2/(w  +  w*/  +  «"/'  +  etc)  +  -2^1  +  -£[(«  + W)-l-  Ot*  + 

for  which  a  minimum  must  be  obtained. 

Differentiating,       dU  =^  ^^^^^  ^'  +d[L  (iS  +  ffS)] ;  (193) 

dU  —  ^'P/'"^^  +  £(d  +  d')dS  =  0; 
dU      K'pl* 


5=v/IZ5Z!Z.  (194) 

Vz(*  +  y)  ^ 

B39.  The  value  of  5  thus  obtained  must  be  used  with  due  regard 
to  the  precautions  indicated  on  page  464,  It  is  also  necessary  to  con- 
sider carefully  whether  the  length  o£  time  during  which  the  plant 
will  be  in  use,  and  whether  the  circumstances  of  operation,  are  such 
as  to  cause  interest,  depreciation  and  cost  of  lost  energy  to  becomean 
appreciable  factor. 

B40.  7.  Design  for  the  AcoompIiBhment  of  Best  Service.— 
The  preceding  paragraphs  have  treated  at  length  the  method  for 
determining  the  minimum  cost  of  a  plant  to  accomplish  a  gi^'en 
service.  In  many  instances,  however,  this  factor  is  not  the  most 
important  one  in  the  solution  of  the  problem,  for  the  reason  that 
the  conditions  of  minimum  expense  will  militate  against  the  accom- 
plishment of  a  satisfactory  service  to  the  consumers.  In  series 
circuits,  where  the  line  is  intended  for  a  constant  current,  the  calcu- 
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lation  of  the  conductor  can  usually  be  accomplished  along  the  lines 
indicated  under  the  previous  headings. 

641.  In  other  forms  o£  distribution,  however,  as,  for  example,  *■ 
upon  the  parallel  system,  the  conductors  must  be  so  arranged  as  to 
deliver  to  the  consumer  a  certain  definite  pressure.  Inasmuch  as  the 
variation  in  the  potential  at  the  different  points  along  the  mains  is  a 
function  of  the  amount  of  current  transmitted,  and  as  the  amount  of 
current  will  depend  upon  the  demands  of  the  conducting  system,  it 
becomes  essential  to  so  design  conductors,  irrespective  of  economy, 
that  the  pressure  required  at  the  various  points  of  the  conducting 
system  shall  not  vary  too  greatly, 

&43.  Under  such  conditions,  service  requirements,  rather  than 
the  dictates  of  maximum  economy,  must  govern  the  design  of  the 
conductors.  This  case,  however,  will  be  more  extensively  treated  in 
the  sections  upon  multiple  arc  distribution.  Other  circumstances, 
however,  frequently  arise  in  which  service  conditions  should  govern 
the  size  selected  for  the  conducting  system.  The  endeavor  of  the 
capitalist  is  always  to  reduce  initial  investment  to  a  minimum,  but 
there  is  no  better  guaranty  of  a  paying  investment  than  uniformly 
successful  service. 

643.  8.  Minimum  Coat  of  Plant  to  Attain  a  Maximum  In- 
oome.  —  The  income  to  be  derived  from  a  distributing-plant  must 
not  be  lost  sight  of  in  the  design  of  the  conducting  system  ;  and  in 
some  cases,  though  rarely,  this  becomes  so  important  a  factor  as  to 
govern  the  design. 

In  locations  where  power  is  cheap,  and  transportation  facilities 
are  such  as  to  largely  increase  the  cost  of  materials,  it  would,  from 
the  standpoint  of  economy  solely,  be  advisable  to  design  the  conduct- 
ing system  according  to  Sec.  8.  In  many  cases,  however,  this  might 
lead  to  the  expenditure  of  so  large  an  amount  of  the  station  output 
in  the  conducting  system  that  the  load  on  the  station  might  be  so 
close  to  the  total  station  capacity  that  the  losses  entailed  in  the  con- 
ducting system  would  prevent  service  to  the  maximum  number  of 
consumers  that  could  otherwise  be  placed  upon  the  line.  To  increase 
the  station  capacity  sufficiently  to  serve  a  very  small  additional  pro- 
portion of  consumers,  might  add  so  largely  to  the  station  cost  as  to 
be  prohibitive,  on  account  of  the  commercial  size  of  the  units  of 
machinery  obtainable.     On  the  contrary,  by  increasing  the  size  of  the 
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conductors,  so  as  to  reduce  the  losses  in  the  line,  the  station  may  be 
able  to  supply  sufficient  additional  power  to  accommodate  the  desired 
customers.  Under  these  circumstances  it  may  be  exceedingly  advis- 
able to  increase  the  size  o£  the  mains,  and  correspondingly,  their  cost, 
to  such  an  extent  as  to  allow  the  station  to  supply  additional  custom- 
ers without  incurring  the  expense  of  a  large  building  and  additional 
prime  movers  and  their  generators. 

B44.  Calculation  of  Loads.  —  In  order  to  properly  arrive  at 
the  most  advantageous  proportion  for  the  relation  of  the  line  to  the 
station,  it  is  essential  to  accurately  determine  the  conditions  of  load 
under  which  the  plant  will  operate. 

For  series  circuits  the  solution  of  the  problem  is  facilitated  by  ■ 
the  fact  that  the  amount  of  current  is  a  constant  quantity  during  the 
entire  time  that  the  circuit  is  under  operation.  Therefore,  to  obtain 
the  requisite  data  for  calculating  the  load,  it  is  simply  essential  to 
ascertain  for  each  day  in  the  year  the  number  o£  hours  that  the 
circuit  is  likely  to  be  in  operation,  and  take  the  sum. 

As  series  circuits  are  chiefly  employed  in  lighting  installations. 
Tables  Nos.  77,  78,  and  79  are  given  as  indicating  the  average 
number  of  daily  hours  of  service  for  each  month  in  the  year.  Cir- 
cuit loads  can  by  this  means  be  easily  estimated. 

646.  Regulation.  —  Systems  to  work  under  series  distribution 
can  only  be  regulated  by  varying  the  voltage  or  the  pressure  at  the 
central  station  to  correspond  with  the  changes  in  load  thrown  upon 
the  distributing  system.  From  this  cause,  automatic  regulation  can 
only  be  perfectly  mechanically  attained  in  the  simple  example  of  the 
transmission  of  power  between  two  similar  dynamos,  one  serving  as 
a  generator  while  the  other  acts  as  a  motor. 

646.  For  ordinary  distributing-plants  two  methods  are  adopted 
to  secure  regulation  under  the  varying  load.  If  it  is  desired  to  throw 
out  of  service  one  or  more  of  the  receivers,  it  is  necessary  to  short- 
circuit  those  whose  service  is  to  be  discontinued,  in  order  not  to 
interrupt  the  rest  of  the  line.  If  this  is  done,  it  is  evident  that  the 
resistance  of  the  entire  line  has  been  decreased  by  the  amount  due 
to  the  receivers  that  have  thus  been  short-circuited.  Thus,  the 
equilibrium  of  the  line  has  been  disturbed,  and  the  current  increased 
just  in  proportion  to  the  diminution  of  the  resistance.  It  is  practi- 
cable to  maintain  equilibrium  by  substituting  for  the  short-circuited 
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receiver  an  equivalent  resistance.  But  by  this  device  no  economy  is 
introduced,  for  the  entire  circuit  is  then  expending  precisely  the 
same  amount  of  energy  as  it  was  previously  called  upon  to  deliver. 
Even  in  cases  where  the  power  costs  little  or  nothing,  it  is  necessary 
to  complicate  the  installation  by  separate  pieces  of  apparatus  to 
accomplish  this  short-circuiting  that  shall  be  capable  of  absorbing 
and  destroying,  by  conversion  into  heat,  the  amount  of  energy 
usually  taken  by  the  receiver. 

547.  In  order  to  avoid  loss  of  power,  it  is  sometimes  practicable 
to  introduce  devices  for  short-circuiting  the  receivers,  which  shall 
substitute  for  the  receiver  an  apparatus  which  will  introduce  into 
the  circuit  an  opposing  electro-motive  force  equivalent  to,  or  produ- 
cing the  same  effect,  as  the  receiver  itself.  This  method  is  widely 
applied  to  alternating  current  circuits  under  the  various  forms  of 
choking  or  reactive  coils.  The  arrangement  consists  of  an  electro- 
magnet, having  a  divided  core,  preferably  with  a  closed  magnetic 
circuit.  The  self-induction  of  the  coil  is  so  calculated  as  to  produce 
at  its  terminals  an  electro-motive  force  of  opposite  sign  equivalent  to 
that  of  the  apparatus  which  has  been  short-circuited.  Under  these 
circumstances,  neither  the  current  nor  electro-motive  force  o£  the 
generators  has  been  changed;  but  their  difference  of  phase  has 
been  slightly  altered,  thereby  effecting  a  saving  of  energy  equal  to 
that  previously  expended  in  the  short-circuited  receiver.  Alternat- 
ing circuit  devices  of  this  kind  practically  save  all  of  the  energy 
that  would  be  otherwise  expended  in  the  receivers,  excepting  the 
small  amount  absorbed  by  the  reaction  coil,  which  is  usually  in- 
appreciable, 

648.  A  second  method  of  regulation,  which  is  less  simple  and 
less  economical  in  its  effect  upon  the  energy  dispensed  in  the  circuit, 
may  be  applied  to  constant  current  machines,  in  which  the  reactive 
coil  is  inoperative.  This  scheme  of  regulation  consists  in  applying 
to  the  dynamo  machine  a  regulating  apparatus  which  shall  affect  the 
potential  delivered  at  the  terminals  of  the  machine  itself.  All  de- 
vices of  this  kind  involve  an  electro-magnet,  which  is  excited  by  the 
current  delivered  by  the  machine.  When,  by  the  short-circuiting  of 
any  of  the  receivers,  the  resistance  of  the  line  is  decreased,  there  is 
a  proportionate  increase  in  the  quantity  or  current  sent  out  by  the 
generator.     This  addition  to  the  line  current,  flowing  through  the 
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regulator,  excites  the  electro-magnet,  forming  a  part  of  the  apparatus, 
to  a  greater  degree,  thereby  setting  in  motion  a  train  of  mechanism 
which  may  be  arranged  to  accomplish  either  of  the  three  following 
results:  — 

648.  1.  The  regulator  may  be  so  arranged  as  to  shunt  or  dimin- 
ish the  current  flowing  through  the  field  magnets  of  the  generator. 
Under  these  circumstances,  a  decrease  in  the  current  flowing  through 
the  fields  decreases  the  number  of  magnetic  lines  in  the  magnetic 
circuit  of  the  generator ;  and  this  weakening  of  the  magnetism  is  fol- 
lowed by  a  proportionate  decrease  in  the  voltage  of  the  machine, 
thereby  restoring  the  balance  of  the  circuit. 

6B0.  2.  The  regulator  may  be  so  arranged  as  either  to  increase 
the  air-gap,  or  to  short-circuit  a  part  of  the  magnetic  circuit  of  the 
generator,  thereby  accomplishing  the  same  result  in  decreasing  the 
voltage  of  the  machine. 

561.  3.  The  regulating  mechanism  may  be  arranged  so  that  on 
the  increase  of  current  flowing  through  the  circuit,  the  regulator 
shall  automatically  shift  the  brushes  on  the  dynamo  away  from  their 
position  of  maximum  voltage  to  some  other  place  on  the  commutator, 
thus  giving  a  decrease  in  the  pressure  developed  by  the  machine. 

562.  While  many  of  these  devices  have  mechanically  been 
brought  to  great  perfection  and  are  eminently  successful,  yet  this 
method  of  government  is  attended  by  difficulties  involving  a  loss  of 
economy  or  danger  to  the  commutator,  or  other  parts  of  the  gener- 
ator, to  such  an  extent  that  series  circuits  are  rarely  selected  for 
distribution  under  any  circumstances  excepting  those  involving  loads 
which  are  expected  to  be  reasonably  constant  during  the  greater 
part  of  the  time  in  which  service  is  expected. 

BBS.  Series  distribution,  therefore,  possesses  the  advantage  that 
the  amount  of  current  can  never  exceed  a  certain  predetermined 
limit.  This  presents  security  against  the  chances  of  danger  from 
short-circuiting,  for  a  sensible  loss  of  current  is  immediately  in- 
dicated by  the  irregular  action  of  the  receivers  that  may  lie  between 
the  points  of  leakage.  This  quality  is  not  possessed  by  other  methods 
of  distribution.  On  the  contrary,  the  series  system  has  the  disad- 
vantage of  a  lower  efficiency  for  the  percentage  of  energy  expended 
in  the  circuits,  and  is  only  constant  so  long  as  the  resistance  and  the 
current  remain  mutually  unchanged.     Therefore  the  efficiency  falls 
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in  proportion  to  the  number  of  receivers  that  are  put  out  of  com- 
mission.   . 

B&l-  Automatic  Cut-outs  for  Series  Circuits.  —  A  great  num- 
ber of  devices  have  been  arranged  for  the  purpose  of  automatic  cut- 
ting out  of  the  various  receivers  on  series  circuits.  These  devices 
may  be  divided  into  two  classes. 

Lamp  Cut-outs.  —  These  devices,  operating  on  and  especially 
adapted  to  arc  lamps,  are  so  arranged  as  to  cut  the  lamp  out  of 
circuit  as  soon  as  the  carbons  are  entirely  consumed.  All  such 
contrivances  are  based  upon  a  differential  magnet,  so  planned  th<tt 
when  the  resistance  of  the  circuit,  due  to  the  increase  in  the  length 
■of  the  arc,  becomes  sufficiently  great,  a  portion  of  the  circuit  will  be 
shunted  into  a  fine  wire  coil  on  the  differential  magnet,  and  bv  closing 
its  armature,  will  cut  the  lamp  out  of  series. 

6S6.  Time  Cut-outs.  —  Other  automatic  cut-outs  are  arranged 
upon  the  principle  of  allowing  the  translating  device  to  operate  for 
i\.  certain  number  of  hours,  and  then  cut  it  out  of  the  circuit.  These 
devices  are  usually  based  upon  the  application  of  a  clock  to  a  shunt 
operated  by  an  electro-magnet,  so  arranged  that  after  the  receiver 
has  operated  a  certain  number  of  hours,  the  clock  mechanically 
closes  the  shunt,  throwing  the  current  around  the  receiver.  Such 
devices  are  applied  to  cut  out  constant  current  motors,  and  also  to 
cut  out  arc  lamps  that  are  contracted  to  bum  a  certain,  definite 
number  of  hours  each  day. 

While  contrivances  of  this  kind  have  evinced  remarkable  ingenu- 
ity on  the  part  of  their  inventors,  and  while  on  some  circuits  they 
form  valuable  adjuncts,  they  add  so  great  a  degree  of  complexity, 
and  require  so  much  additional  maintenance  expense,  that  their 
utility  is,  in  many  cases,  quite  questionable. 

6Se.  Designs  for  Series  Circuits.  —  In  the  use  to  which  series 
circuits  are  most  frequently  applied,  namely,  for  municipal  illumina- 
tion, it  is  obvious  that  the  greater  part  of  the  plant  load  will  be 
thrown  on  at  about  sundown,  and  will  remain  essentially  constant 
throughout  the  entire  hours  of  the  night,  all  of  the  lamps  being 
simultaneously  extinguished  at  the  succeeding  sunrise.  Thus,  under 
these  circumstances,  the  plant  load  is  essentially  a  constant  quantity 
during  its  entire  time  of  service;  and  while  during  different  periods 
of  the  year  the  varying  lengths  oi  night  and  day,  or  the  demand 
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caused  by  cloudy  and  stormy  weather,  is  of  such  a  nature  that,  while 
it  increases  or  decreases  the  length  of  time  that  the  plant  is  at  work, 
it  does  not  vary  to  any  appreciable  extent  the  load  which  the  plant  is 
called  upon  to  carry, 

667.  Arc-light  installations  are  frequently  designed  to  supply 
commercial  lights  in  addition  to  those  used  for  city  lighting.  The 
commercial  lights  in  interior  locations  may  be  called  upon  to  run  at 
very  different  periods  of  time  than  those  demanded  for  municipal  illu- 
mination ;  but  the  conditions  giving  rise  to  the  demand  for  such 
lights  will  naturally  be  tolerably  constant  throughout  the  territory 
that  would  ordinarily  be  embraced  by  the  lighting  plant.  So  while 
the  length  of  time  that  commercial  lamps  would  be  required  to  bum 
might  be  very  different  from  that  called  for  by  the  city  lighting,  yet 
both  the  commercial  and  municipal  loads  would  be  reasonably  con- 
stant quantities.      Many  attempts 

have  been  made  to   so   plan  arc     ]  """""""  "         " 
circuits  that  the  commercial  load  T 

will  be  separated  or  rendered  dis-  -  ^ 

tinct    from    the    municipal    load.  iS    H    H    H 

This  can  always  be  done  by  run-  T'"-'!^    T""!^ 

ning  independent  circuits  for  each  „^^„  «^™,  ^  8^„  i,^«„^ 

kind   of    service ;    yet    this   plan 

naturally  entails  a  certain  amount  of  waste  conductor  material,  for 
while  the  commercial  lights  may  be  required  at  an  earlier  hour  than 
the  municipal  lights,  and  also  may  be  extinguished  at  an  earlier  hour, 
yet  for  the  great  proportion  of  the  time  both  kinds  of  service  are 
simultaneous. 

Any  design  of  circuits,  therefore,  which  can  be  made  so  that  at 
least  for  a  part  of  each  day  one  circuit  may  be  used  for  both  sets  of 
lamps,  will  result  in  a  corresponding  saving  in  copper  expense  for 
the  original  circuit. 

668.  One  method  for  introducing  a  saving  in  the  copper  required 
for  circuits  containing  both  commercial  and  municipal  arcs  has  been 
proposed  by  Mr.  Sharpstein,  in  the  Electrical  Engineer.  This  method 
is  shown  in  Fig.  287^ 

Two  machines  were  installed  in  the  station  indicated  at  No.  1 
and  No.  2,  and  the  circuits  so  arranged  that  all  the  commercial 
lamps  were  on  wire  G,  while  all  the  municipal  lamps  were  on  wire  P. 
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I 

When  the  commercial  lamps  were  placed  in  operation,  machine  No.  1 
was  started,  and  with  the  switchboard,  cables,  and  plugs,  A  and  G  woe 
connected,  and  B  and  R  When  service  was  needed  for  the  munici- 
pal lamps,  machine  No.  2  was  started,  the  brushes  being  placed  at 
the  point  of  minimum  workii^  capacity.  Then,  by  means  of  the 
remaining  hole  in  the  terminal  B,  machine  No.  1  was  connected  with 
C,  and  by  means  of  the  remaining  hole  in  E  the  third  wire  1^  was 
connected  with  D,  As  a  result,  machine  No.  2  was  in  circuit  with 
no  load  ;  and  if  the  brushes  had  not  been  placed  at  the  point  of  mini- 
mum capacity,  a  burn-out  would  have  occurred.  Now,  by  connecting 
E  and  B,  both  machines  are  placed  upon  the  commercial  circuit,  and 
in  order  to  cut  E  out  and  get  F  into  circuit,  one  plug  of  the  cable, 
just  removed  from  the  switchboard,  should  be  placed  in  the  remain- 
ing hole  at  D.  The  other  plug  is  put  into  the  right  hand,  and  he/d 
near  F  until  the  plug  in  E  is  withdrawn  far  enough  to  draw  a  short 
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arc,  when  the  plug  in  the  right  hand  is  put  into  one  of  the  holes  in 
F,  when  the  arc  at  E  is  extinguished,  and  both  lamp-legs  are  on  both 
machines. 

668.  There  are  many  obvious  objections  to  running  dynamos  in 
series,  as  is  required  by  the  preceding  method.     The  geographical 
location   of   the   respective  commercial    and   municipal   arcs  is  not 
always  such  as  to  enable  the  saving  of  an  appreciable  amount  of  cop- 
per.    Mr.  C.  G.  Young  has  indicated  two  methods,  as  shown  in  the 
accompanying    illustrations,  which   avoid    the  difRculties  of  placing 
the  dynamos  in  series,  and  yet  accomplish  a  notable  saving  of  copper. 
■  n  Fig.  288  three  dynamos  are  shown  as  operating  three  circuits, 
iiich  may  be  arranged  either  to  run  conjointly  or  independently, 
ith  four  wires  instead  of  six.     A  little  study  of  the  diagram  will 
■tider  the  operation  of  the  currents  entirely  clear.     If  all  the  lamps 
ue  in  operation  at  once,  it  is  evident  that  wires  Nos.  2  and  3  wiU 
any  double  the  current  of  1  and  4.     If  the  dynamos  are  worked 
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fully  up  to  their  capacity,  an  extra  allowance  of  copper  must  evi< 
dently  be  provided  in  this  part  of  the  circuit.  It  will  often  happen, 
however,  that  there  is  sufficient  spare  voltage,  or  the  extra  pressure 
may  be  obtained  by  a  slight  increase  in  speed,  so  that  no  extra  cop- 
per is  needed.  In  the  case  in  point.  No.  6  wire  was  used  throughout 
the  entire  circuits,  and  proved  entirely  successful. 

saa  Where  the  station  load  can  be  subdivided  into  three  parts, 
operating  at  different  times  in  the  24  hours,  and  geographically  so 
located  as  to  be  separable  one  from  the  other,  the  arrangement 
shown  in  Fig.  289  effects  a  reduction  in  line  material.  Under  those 
circumstances  continuous  service  is  given  on  line  A,  day  service  on 
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lines  A  and  B,  and  night  service  on  lines  A  and  C,  thereby  saving 
one-half  the  copper  that  would  be  called  for  by  three  independent 
circuits.  A  switch  introduced  at  S  serves  to  isolate  line  C,  in  order 
to  protect  the  trimmers. 

661.  Division  2,  Constant  Current  Circuits,  Embracing  Generators 
and  Receivers  at  Varying  Distances  from  each  other,  has  as  yet  re- 
ceived little  or  no  practical  development.  Several  attempts  have 
been  made  to  introduce  the  series  system  upon  electric  railways ; 
but  so  far  the  practical  difficulties  have  been  found  commercially 
insurmountable,  and  the  attempts  have  been  abandoned. 

Divisions  3  and  4  of  the  classification  of  circuits  on  page  373, 
treating  of  constant  potential  circuits,  covering  at  present  the  most 
important  electrical  plants,  will  be  considered  in  a  succeeding  chapter. 
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CHAPTER  XV. 

PARALLEL  DIBTRIBUnON. 

Art  662.  The  Evolution  of  the  Parallel  System.  —  In  the  dis- 
cussion upon  series  distribution,  in  Chapter  IX.,  it  has  been  shown 
that  the  development  and  extension  of  this  method  are  limited  in 
several  directions.  As  the  current  in  a  series  system  is  constant 
throughout  the  entire  circuit,  a  variation  in  the  number  of  customers, 
or  in  the  amounts  of  energy  supplied  to  respective  customers,  can 
only  be  obtained  by  a  corresponding  variation  in  the  potential  of  the 
system.  Every  additional  receiver  increases  the  tension  proportion- 
ally to  the  amount  of  energy  required  to  supply  the  additional 
demand ;  and  the  practical  limit  of  possible  difference  of  potential  is 
reached,  when  a  comparatively  small  number  of  translating  devices 
have  been  placed  upon  the  circuit.  Experience  has,  thus  far,  demon- 
strated the  inad  vis  ability  of  increasing  the  potential  of  direct  current 
circuits  beyond  8,00()  or  10,000  volts.  Occasionally  installations  have 
been  operated  as  high  as  10,000  volts ;  and  though  the  tendency  is 
toward  higher  pressure,  such  tensions  require  more  careful  and  con- 
stant supervision  and  maintenance,  and  the  gravity  of  injury  arising 
from  an  accidental  short-circuit  is  very  largely  increased.  Again, 
the  series  circuit  linds  itself  at  a  disadvantage  when  widely  different 
amounts  of  energy  are  desired  by  various  consumers  along  the  line. 
As  the  quantity  of  energy  to  be  delivered  to  each  customer  can  only 
be  varied  by  changing  the  potential  between  the  terminals  of  the 
translating  devices  supplying  the  different  subscribers,  a  customer 
using  a  large  amount  of  energy  must,  necessarily,  receive  mains  hav- 
ing great  difference  of  potential.  This  has  always  been  found  to  be 
a  source  of  difficulty  and  danger ;  experience  having  shown  the  haz- 
ard to  the  community  at  large  of  introducing  high  potential  circuits 
directly  into  residences,  or  the  places  of  business,  of  the  subscribers, 
where  they  are  likely  to  be  under  the  management  of  those  little 
skilled  in  electrical  manipulation.  In  order  to  attain  any  reasonable 
degree  of  economy,  it  has  been  shown  that  the  load  upon  a  series 
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.  circuit  must  be  nearly  constant  and  uniform  throughout  the  whole 
time  that  the  circuit  operates,  and  that  a  series  plant  becomes  decid- 
edly uneconomical  when  applied  to  the  service  of  customers  demand- 
ing widely  varying  supplies  of  energy,  extending  over  different 
periods  of  time.  In  the  development  of  electrical  industries,  central 
stations  soon  reached  a  sufhcient  magnitude  to  bring  the  limitations 
of  the  series  circuit  into  sharp  conflict  with  desired  business  exten- 
sions. To  enable  the  central  station  to  supply  a  large  number  of 
customers,  without  introducing  potentials  that  are  impracticable,  the 
first  step  in  electrical  evolution  was  to  equip  the  station  with  a  num- 
ber of  generators,  each  one  of  which  was  arranged  to  operate  upon  a 
separate  and  independent  circuit.  By  this  means  dangerous  poten- 
tials were  avoided  ;  but  still  all  of  the  individual  circuits  were  open  to 
the  remaining  objections  of  the  series  method,  and  the  large  number 
of  independent  machines  proved  decidedly  expensive  in  operation. 
The  multiplicity  of  circuits  soon  became  confusing,  and  much  dupli- 
cation of  wire  was  necessary  in  order  to  cover  a  reasonable  amount 
of  territory.  To  improve  the  economy  of  the  station,  large  dynamos 
were  planned,  capable  of  supplying  a  number  of  different  circuits, 
upon  each  one  of  which  the  various  receivers  were  placed  in  series. 
Such  an  arrangement  is  indicated  in  Fig.  290. 

Bas.  It  should  be  noted,  in  the  examination  of  all  the  illustra- 
tions giving  diagrammatically  the  outlines  of  various  circuits,  that  the 
sketches  serve  merely  to  illustrate  the  principles  of  the  circuit,  with- 
out having  special  reference  to  the  kind  of  receivers,  or  translating 
devices,  which  may  be  employed  upon  installations  of  differing  design. 
Though  the  multiplication  of  circuits  from  one  machine  formed  a  step 
in  advance,  enabling  the  station  to  operate  somewhat  more  flexibly 
and  economically  than  the  single  series  circuit,  as  indicated  in  Fig, 
290,  in  so  far  as  losses  in  the  dynamos  themselves  were  concerned, 
it  in  no  wise  obviated  the  other  limitations  to  which  the'  series  cir- 
cuit is  subjected.  As  each  of  the  series  circuits  from  the  generator 
is  supplied  with  the  requisite  number  of  receivers  to  exhaust  the 
potential  of  the  dynamo,  the  tension  of  the  system  may,  evidently,  be 
reduced  to  any  desired  safe  and  practical  limits,  by  multiplying  the 
number  of  circuits,  and  proportionally  reducing  the  number  of  re- 
ceivers which  are  placed  upon  each  one.  Another  advantage  accrues 
from  the  ability  to  arrange  the  differing  circuits  in  such  a  manner  that 
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they  may  be  thrown  in  and  out  of  commission,  in  a  way  to  allow  a 
much  greater  variation  of  the  load  upon  the  station.  In  the  case  of 
an  electric  lighting  plant  intended  to  supply  both  municipal  and  com- 
mercial arcs,  it  is  feasible  to  arrange  a  multiple  circuit  generator  of 
sufficient  capacity  to  supply  the  current  required  for  both  circuits, 
placing  all  the  municipal  arcs  upon  one,  and  all  the  commercial  lights 
upon  the  other.  The  two  circuits  would  thus  be  entirely  separate 
and  independent  of  each  other,  and  could  be  operated  during  differ. 
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ent  times  of  the  day  with  essentially  the  same  economy,  so  far  as  the 
losses  in  the  circuit  were  concerned,  as  would  accrue  provided  all 
the  lamps  were  placed  upon  a  single  line.  While  this  method  intro- 
duces economy  in  the  series  system  so  far  as  the  circuit  losses  are 
concerned,  unless  the  generator  be  worked  for  a  greater  proportion 
of  the  time  at  its  full  load,  the  dynamo  losses  tend,  to  a  considerable 
extent,  to  counterbalance  the  economy  gained.  While  this  method 
presents  a  partial  solution  of  the  problem,  it  in  no  wise  provides  any 
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ability  to  deliver  to  the  different  customers  varying  amounts  of 
energy,  or  to  render  the  various  customers  independent  of  each  other, 
in  order  that  they  may  throw  in  and  out  of  service,  at  pleasure,  their 
receivers.  This  is  really  the  most  important  disability  of  the  series 
circuit. 

664.  If  the  multiplication  of  separate  circuits  should  be  carried 
to  its  limit,  each  receiver  would  be  supplied  with  a  separate  and  inde- 
pendent wire  from  the  generating-station,  as  shown  in  Fig.  291,  and 
then  all  the  chief  objections  to  the  series  circuit  disappear.  In  this 
case  the  potential  of  the  generating-station  is  reduced  to  the  highest 
pressure  required  by  any  receiver  that  may  be  placed  in  service.  As 
each  receiver  is  supplied  with  a  separate  and  independent  circuit 
extended  from  the  receiver  to  the  generating-station,  every  translat- 
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ing  device  is  entirely  independent  from  every  other  one,  and  may  be 
thrown  in  or  out  of  the  circuit,  without  interfering  in  the  slightest 
with  the  service  of  any  other  consumer. 

566.  From  the  independence  of  the  individual  circuits,  the 
amounts  of  energy  supplied  to  the  different  receivers  may  be  varied, 
by  varying  the  quantity  of  current,  without  changing  the  pressure  of 
any  of  the  circuits.  Thus,  any  subscriber  may  be  supplied  with  any 
desired  number  of  translating  devices  of  different  powers,  and  the 
amount  of  energy  supplied  varied  at  pleasure,  by  varying  the  quantity 
of  current  entering  each  translating  device.  As  the  various  receivers 
may  be  adjusted  to  work  upon  any  convenient  electrical  pressure,  the 
circuits  can  be  easily  designed  to  never  exceed  safe  limits ;  and  by 
increasing  the  quantity  of  current  supplied  by  the  station,  it  becomes 
possible  to  distribute  energy  over  a  very  large  territory  and  to  a  great 
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number  of  customers.  The  independence  of  the  receivers  also  allocs 
the  customers  to  throw  their  loads  on  and  off  at  pleasure,  or  to  >-ai)- 
them  to  any  extent.  It  is  now  evident  that  all  receivers,  instead  «' 
operating  under  a  constant  current  and  a  varying  pressure,  operate 
under  a  constant  pressure  and  a  varying  amount  of  current.  The  evo- 
lution, therefore,  of  electrical  distribution  has,  evidently,  taken  place 
by  a  differentiation  of  the  series  method,  the  early  single  circuit  being 
finally  split  up  into  such  a  number  of  parts  as  will  practically  give  an 
independent  line  to  each  of  the  respective  customers.  To  sen-e  a 
large  territory,  however,  by  actually  giving  to  each  customs  a  dtcuii 
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completely  his  own,  extending  from  his  receiver  back  to  the  generating- 
station,  would  introduce  such  complexities  of  wiring  as  to  prohibit  the 
introduction  of  this  plan  in  installations  of  any  magnitude.  Toavoid 
this  objection,  the  next  step  consisted  in  uniting  the  adjacent  re- 
ceivers into  bunches,  the  various  groups  being  placed  in  parallel  to 
each  other  across  the  line,  the  system  finally  developing  into  the  plan 
indicated  in  Fig.  292,  in  which  the  essential  independence  of  the 
individual  receiver  is  manifest.  From  the  characteristic  parallelism 
of  the  individual  receiver  circuits,  the  system  has  derived  its  name  of 
the  "  Parallel  "  or  "  Multiple  Arc  System." 

666.    MethodB  of   Distribution.  —  The   arrangement  whereby 
each  translating  device  is  supplied  with  an  entirely  independent  cir- 
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cuit,  extending  from  the  generator  to  the  receiver,  gives  the  individ- 
ual customer  the  best  possible  service  and  the  greatest  independence. 
As  each  receiver  is  absolutely  separate  from  every  other  one  in  the 
entire  installation,  it  may  be  thrown  on  or  off  the  circuit,  or  the 
amount  of  energy  absorbed  varied,  without  affecting  in  the  slightest 
degree  any  other  customers.  With  the  individual  circuit  arrange- 
ment, provided  the  speed  of  the  generator  at  the  station  be  main- 
tained constant,  and  the  dynamo  is  not  overloaded,  the  service 
delivered  to  all  of  the  customers  will  attain  the  greatest  uniformity. 
The  inconvenience  of  this  method,  giving  rise,  in  stations  supplying 
a  large  number  of  customers,  to  utterly  impracticable  multiplication 
and  complexity  of  circuits,  has  been  noted,  and  the  method  of  obvi- 
ating this,  by  uniting  the  various  receivers  into  groups,  and  placing 
them  in  parallel  across  a  common  set  of  conductors,  indicated.  A 
difficulty  here  arises  from  the  fact  that  the  fall  of  potential  along  the 
conductors  is  not  only  a  function  of  the  resistance  of  the  mains,  and 
so  an  inseparable  concomitant  of  the  distance  of  the  various  custom- 
ers from  the  station,  but  is  also  a  function  of  the  amount  of  current 
which,  at  the  time  being,  is  passing  through  the  mains.  Thus, 
referring  to  Fig.  292,  and  assuming  the  plant  represented  to  be  a 
lighting  circuit,  the  current  at  A  will  be  much  greater  when  all  of 
the  lamps  are  in  operation  than  when  the  group  at  C  only  is  in  ser- 
vice. As  the  fall  of  potential  depends,  not  only  on  the  resistance  of 
AC,  but  also  upon  the  amount  of  current  flowing  through  the  mains, 
the  decrease  in  the  pressure  at  A  will  be  much  greater  when  all  of 
the  lamps  at  A,  B,  and  C  are  lighted,  than  when  a  single  group  is 
alone  in  service.  On  the  supposition  that  the  generator  always  pro- 
duces a  constant  potential,  if  the  mains  are  so  calculated  as  to  give  B 
precisely  the  required  tension,  when  all  the  lamps  are  in  service,  the 
pressure  at  B  will  be  too  high  when  A  and  C  are  extinguished ;  or,  if 
the  mains  are  calculated  so  as  to  give  the  required  tension  at  B  when 
the  other  lamps  are  extinguished,  if  A  and  C  are  in  service,  the  ten- 
sion at  B  will  be  too  low,  and  the  lamps  will  not  burn  with  their 
required  brilliancy.  To  obviate  this  difficulty,  many  systems  of 
wiring  have  been  devised,  all  of  which  may  be  finally  reduced  to 
four  elementary  forms.  Before  giving  the  fundamental  systems  the 
necessary  careful  consideration,  it  is  advisable  to  review  hastily  the 
various  plans  of  wiring.    The  ordinary  features  of  the  parallel  system 
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are  exemplified  in  Figs.  292  and  293.  From  the  generator  two  or  more 
sets  of  mains  are  extended  through  the  district  to  be  served,  the 
various  receivers  being  placed  in  bunches  across  the  mains,  as  indi- 
cated in  the  illustrations.  A  very  slight  consideration  of  the  dia- 
grams will  show  that  the  electrical  distance  from  the  generator  to 
the  various  receivers  varies  with  the  successive  translating  devices, 
and  that  the  simple  fact  of  the  variation  in  distance  from  the  receivers 
to  the  generator  would  preclude  the  possibility  of  supplying  a  uni- 
form pressure  throughout  the  entire  system.  Evidently  the  elo^tri- 
cal  distance  from  the  generator  to  the  group  A,  Fig.  292,  is  much 
less  than  it  is  from  the  generator  to  the  groups  B  and  C.  As  there 
is  no  known  substance  which  may  be  employed  for  the  conducting 
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Fig.  iaa.    Ctmpltf  Haltlplt  Arc  Bgtfm. 

system  having  no  resistance,  it  is  impossible  on  this  account  to 
render  the  pressure  at  A  the  same  as  it  is  at  B  and  C. 

6fl7.  The  lioop  System.  —  The  loop  system  is  an  endeavor  to 
so  design  the  conducting  circuit  as  to  render  the  electrical  distance 
from  the  generator  to  each  of  the  receivers  the  same  throughout  the 
entire  circuit. 

Thus,  in  Fig.  294,  one  of  the  conducting  leads  <w',  from  the 
generator  A,  extends  directly  away  from  the  dynamo  to  the  end  of 
the  system,  having  the  receivers  placed  in  succession  along  its  length. 
The  main  BC*,  on  the  contrary,  extends  from  the  generator  to  the 
most  remote  point  of  the  circuit  b',  without  being  attached  to  any  of 
the  receivers.  At  the  point  b'  it  returns  upon  itself,  toward  the  gen- 
erator, having  upon  this  branch  the  connections  to  all  of  the  receiv- 


,y  Google 


PARALLEL  DISTRIBUTION. 


.UOJ 


,Google 


498  THE  ELECTRICAL    TRANSMISSION  OF  ENERGY. 

ers.  An  inspection  of  the  diagram  will  show  that,  under  these 
circumstances,  the  distance  from  the  pole  A  of  the  generator  to  the 
pole  B,  throughout  any  of  the  translating  devices,  is  precisely  the 
same ;  so  the  pressure  in  all  of  the  receivers  is  not  affected  by  their 
proximity  or  remoteness  from  the  generating-station  ;  and  were  it  not 
that  the  fall  of  pressure  is  a  function  of  the  amount  of  current  flow- 
ing, the  receivers  would  always  obtain  a  constant  potential. 

668.  The  Spiral  Loop.  —  Another  loop  arrangement  is  indi- 
cated in  Fig.  295,  in  which  the  parallel  conductors,  A  and  B,  are 
extended  in  the  arcs  of  spirals  from  the  generating-station  through- 
out the  territory  to  be  served,  both  spiral  arcs  extending  from  one 
pole  of  the  generator  nearly  to  the  other  pole.  In  both  of  the  loop 
systems  the  amount  of  material  required  for  the  conducting  system 
is  considerably  increased,  with,  however,  the  advantage  of  much 
greater  constancy  in  the  electrical  pressure  delivered  to  the 
receivers. 

860.  The  Tree  System.  —  Nearly  all  of  the  earlier  installations 
upon  the  parallel  system  were  laid  out  upon  the  so-called  "Tree 
System,"  indicated  in  Fig.  296,  The  origin  of  the  name  is  made 
quite  evident  by  the  illustration,  from  which  it  will  appear  that  the 
main  conductors  in  the  system  resemble  a  tree  trunk,  from  which 
the  auxiliary  leads  branch  in  various  directions,  quite  after  the 
fashion  of  a  spreading  tree,  the  receivers  occupying  the  places  of 
the  twigs,  leaves,  and  fruit.  As  the  fall  of  pressure  throughout  the 
installation  is  augmented  by  the  varying  electrical  distance  of  the 
receivers  from  the  source  of  supply,  the  plan  is,  in  this  respect, 
defective. 

B70.  The  CloBet  System.  —  The  "Closet  System"  was  an  at- 
tempt to  minimize  the  effect  of  electrical  distance  by  collecting  the 
various  receivers  into  groups,  each  one  of  which  was  supplied  with  a 
separate  and  independent  circuit  back  to  the  generating-station. 
This  design  is  indicated  in  Fig.  297,  the  receivers  being  collected 
into  four  groups,  those  of  each  bunch  equally  placed  in  a  circle  around 
a  center  of  distribution.  From  each  distributing  center,  a  set  of  leads 
is  carried  back  to  the  generating-station,  thus  rendering  each  group 
independent  of  the  other  groups.  This  method  is  chiefly  used  in 
interior  wiring,  and  may  have  formed  the  basis  for  the  development 
of  the  famous  "  Feeder  and  Main  System,"  to  which  detailed  refer- 
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;nce  will  be  shortly  made.  The  detail  of  a  single  group,  in  the 
rioset  System,  is  given  in  Fig.  298.  Here  the  receivers  are  placed 
in  a  circle  around  two  circular  mains,  which  receive  their  special 
circuit  to  the  generating-station  at  two  points  diametrically  opposite 
each  other,  A  little  consideration  of  the  diagram  indicates  that  the 
el^ictrical  distance  of  all  of  the  receivers,  with  reference  to  the  attach- 
ments of  the  feeding  circuits,  is  the  same. 

671.  Conical  ConductoPB.  —  Referring  to  Figs.  292  and  293, 
it  is  evident  that  the  greatest  current  in  the  conductors  occurs  in 
the  section  immediately  between  the  generator  and  that  of  the  first 
consumer ;  and'  as  the  distance  from  the  station  increases,  thus  pla- 
cing more  and  more  consumers  be- 
tween the  station  and  the  point  of 
the  mains  under  consideration,  the 
current  in  the  conductors  decreases 
in  direct  proportion  to  the  number  of 
receivers  that  lie  towards  the  station. 
it  needs  but  little  consideration  to 
perceive  that,  if  the  cross-section  of 
the  mains  is  kept  constant  through- 
out the  entire  system,  the  conducting 
material  in  the  circuit  is  not  disposed 
to  the   best   advantage.      Either  the  n,  c/«.(  s^^^JTottaii  of  er«ip. 

current    density   near  the   station  is 

too  great,  and  the  mains  are  in  danger  of  becoming  overheated,  or,  at 
the  more  remote  portions  of  the  systems,  the  current  density  is  too 
small,  and  the  conducting  material  is  wasted.  To  proportion  the  mains 
to  attain  a  coTtstant  current  density  throughout  the  entire  system  is 
evidently  the  remedy.  Such  an  arrangement,  when  carried  to  the 
limit,  would  produce  a  conical  conductor  having  the  greatest  cross- 
section  at  the  station,  and  gradually  tapering  to  zero  at  the  extrer  ity 
of  the  system.  Under  such  a  design,  the  rate  of  fall  of  the  potential, 
due  to  the  resistance  of  the  conductors,  evidently  becomes  much 
more  uniform  throughout  the  entire  length  of  the  circuit.  Such  an 
arrangement  of  conductors  is  indicated  in  Fig.  299. 

B73.  Another  attempt  to  equalize  pressure  throughout  the 
system  has  resulted  in  the  employment  of  two  conical  conductors,  so 
placed  that  the  apex  of  one  of  the  conductors  is  connected  to  one 
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of  the  poles  of  the  generator,  while  the  base  of  the  other  conductor 
is  connected  to  the  other  pole.  Such  an  arrangement  is  shown  in 
Fig.  300. 

Though  this  plan  tends  to  equalize  the  total  resistance  of  the 
conductors  to  the  receivers  from  pole  to  pole  of  the  generator,  it 
produces  quite  an  unequal  variation  in  the  "  drop "  to  which  the 
various  receivers  are  subjected.     The  resistance  of  AB  is  less  than 
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CD,  though  the  current  is  the  same  in  both.  Hence  there  will  be 
more  drop  in  CD  than  in  AB,  and  of  the  total  drop  due  to  conductor 
rwistance  a  greater  [iroportion  will  occur  in  CD  than  in  AB. 

57S.  Anti-Parallel  Feeding.  —  In  the  diagram  of  the  loop 
system,  Fig.  294,  one  conductor,  in  extending  away  from  the  station, 
ran  to  the  extremity  of  the  line  and  then  returned  upon  itself.  A 
modification  of  the  loop  system  is  shown  in  Fig.  301,  in  which  this 
extension  of  the  conductor  is  split  between  both  mains.     In  this 
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illustration  the  current  enters  the  mains  at  opposite  extremities, 
flowing  in  reverse  directions  through  the  two  conductors.  Such  a 
method  is  termed  "  Anti-Parallel  Feeding,"  and,  as  is  shortly  to  be 
shown,  is  attended  with  some  considerable  advantage. 

674.  The  Distribution  of  PotentiaL  —  Satisfactory  service  in 
all  systems  operating  under  the  parallel  method  can  only  be  accom- 
plished by  preserving,  under  all  conditions  of  loading,  an  essentially 
constant  pressure  throughout  the  entire  circuit  of  conductors.  Theo- 
retically, the  pressure  at  the  terminals  of  all  the  translating  devices. 
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be  they  what  they  may,  should  be  perfectly  uniform  at  ail  times  and 
under  all  conditions  of  loading,  whether  the  load  be  that  on  the 
translating  device  in  question  or  that  of  the  entire  system.  Practi- 
cally, under  no  circumstances  is  it  possible  to  attain  an  exact  equality 
in  the  electrical  pressure  under  all  conditions.  To  reach  this  result 
in  even  a  manner  to  secure  satisfactory  service,  requires,  with  the 
best  exercise  of  the  greatest  skill  in  proportioning,  an  expenditure  of 
enormous  amounts  of  copper  in  the  conducting  system.  All  of  the 
forms  of  wiring  may  be  reduced  to  four  elementary  forms  ;  and, 
therefore,  a  very  careful  consideration  of  the  distribution  of  potential 
through  each  of  these  elementary  forms,  becomes  a  matter  of  prime 


^ 


importance  to  the  successful  designer  of  a  paralld  system.  In  order 
to  simplify  this  investigation,  the  four  primary  forms  of  wiring  may 
be  classified  as  follows :  — 

First.      C7luidTioal  oondaotors,  parallel  feedine. 

Second.  Conical  oondnotorB,  parallel  feeding. 

Third.     Cylindrioal  oonduotora,  anti-parallel  feeding. 

Fourth.    Conioal  oonduotora,  anti-parallel  feeding. 

To  further  simplify  investigation,  let  it  be  assumed  in  all  of  the 
four  cases  now  to  be  considered,  that  the  conductors  are  two  straight 
lines,  supplied  with  an  indefinite  number  of  receivers,  uniformly  and 
equally  distributed  along  the  entire  length  of  the  conductors,  each 
receiver  taking  the  same  amount  of  current,  which  is  equivalent  to 
assuming  that  the  current  supplied  by  the  station  flows  between  the 
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two  mains  in  a  thin,  uniform  sheet,  extending  from  end  to  end  of 
the  conductors.  Such  an  assumption  has  a  mechanical  analt^  in 
the  replacement  of  a  set  of  steps  by  an  inclined  plane  haviog  the 
same  pitch.  The  load  on  the  mains,  in  this  connection,  is  supposed 
to  be  a  constant  one  and  uniform. 

Case  I.  —  Cylindrical  Conductors  —  Parallel  Feeding. 

676.  In  Fig.  302,  let  AB  and  CD  be  the  two  paraUel  cylindrical 
conductors  connected  to  the  source  of  supply  at  A  and  C,  the  cuircnt 
flowing  in  the  direction  of  the  arrows. 
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Let  Z  be  the  length  of  the  mains  in  any  desired  units ; 
fe  and  —  /g  the  currents  at  the  station  in  each  main, 
/  and  —  /'  the  currents  at  any  point  x  in  each  main ; 
Ft  and  v,  be  the  potentials  at  the  station  assumed  to  be  constani: 
y  and  y  be  the  potentials  at  any  point  distant  x  units  from  tie 

station,  then, 
f,  —  fa  =  «o ,  the  difference  of  potential  between  the  mains  at  (*< 
station. 
Also  V  —  v'  r=  i/^  the  difference  at  any  point  x ;  then, 

u,  —  t/  =  the  /all  of  potential  or  Avp  between  the  sUtion  mxI 
point  X. 
Let    S  =  the  resistance  of  each  main  per  unit  of  length. 
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Consider  an  element  of  the  conductor  dx  at  the  point  x.  By 
hypothesis,  the  current  decreases  regularly  from  /,  at  the  point  A,  to 
0  at  the  point  B,  the  extremity  of  the  mains.  Hence,  in  each  ele- 
ment of  the  conductor  AB,  along  its  entire  length,  an  elementary 
amount  of  current  will  pass  from  this  conductor  to  the  other  main. 
As,  by  hypothesis,  the  rate  of  flow  between  the  mains  is  uniform, 
//  L  will  be  the  rate  of  flow  from  one  conductor  to  the  other  con- 
ductor. At  any  point  x,  the  current  in  the  mains  will  be  the  total 
current  at  the  station,  minus  all  the  current  which  has  been  trans- 
ferred across  from  one  main  to  the  other,  between  the  station  and 
the  point  X  under  consideration. 

The  resistance  of  the  element  of  conductor  dx  is  Rdx.  By  Ohm's 
Law,  the  variation  of  potential  in  any  conductor  is  £  =  RI;  hence, 
in  the  two  mains  — 

d  («,  -  u^  =  Rdx  x2(/,-^\i  a95) 

arranging,  — 

rf(«,  -  i/)  =2JilJl  —  ^\fe. 

Integrating  between  x  =  Q  and  x  =  L,  — 


Uo-~i/  =  2R/A    [\-±.]dx 


-  x).  (196) 

This  equation  represents  a  branch  of  a  parabola  to  which  the 
conductor  is  an  asymptote.  When  x  =  0,  u^  —  u'  =0,  showing  no 
drop  at  the  origin  ;  when  x  =  L,  u^  —  u'  =  RI^L.  To  find  the  max- 
imum drop,  —  %  /  \ 

'^^V   =  ^  ^^^  (^  ~  f ) = **■  ^^^^^ 

'^' ^"^  "^  =  -2RI^;  (198) 

or  a„  —  a'  is  a  maximum  when  x  =  L  (198),  with  a  value  of  RI^L. 
676.    Take  an  example.     Suppose,  in  Fig.  302,  — 
/,  =  12  amperes.  V,  —  v^  =  40. 

JF  =  .02 » per  foot.  '  Z    ^  ^' 

"--'-■02X12fx(120-x). 
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Let  X  be  successively  10,  20,  30,  40,  50,  and  60,  then  — 
■02  X  12  X  10  X  (120  —  10)  -   4.4; 

X  20  X  (120  -  20)  -   8.0; 

X  30  X  (120  —  30)  -  10.8 ; 

X  40  X  (120  —  40)  =  12.8 ; 

X60X  (120  — 60) -14.0; 

X  60  X  (120  —  60)  —  14.4. 

677.  From  these  values,  the  curve  AB  in  Fig.  302  is  plotted. 
A  very  slight  consideration  of  this  curve  indicates  a  very  unequal 
drop  along  the  conductors,  evidently  due  to  varying  current  density 
per  unit  of  cross-section  in  the  mains.  For  incandescent  lighting 
circuits,  it  is  possible  to  compensate  to  some  extent  for  this  inequal- 
ity, by  placing  lamps  of  dififerent  voltage  across  the  main,  the  higher 
voltage  lamps  being  located  nearer  the  source  of  supply.  While 
almost  any  desired  voltage  of  lamp  may  be  quite  readily  obtained, 
yet  to  assume  this  method  of  compensation  introduces  a  very  unde- 
sirable maintenance  complexity  into  the  service.  Furthermore,  the 
slightest  inspection  indicates  that  the  conducting  material  is  badly 
disposed  in  reference  to  the  load  on  the  mains.  Either  that  portion 
of  the  conductors  nearest  the  station  is  too  heavily  loaded,  and  dan- 
gerously near  the  heating  limit,  or  at  the  extremities  of  the  mains 
there  is  too  much  copper,  and  economy  may  be  introduced  in  original 
capital  outlay  by  a  reduction  in  the  cross-section.  To  assume  a  safe 
current  density  per  unit  of  cross-section,  and  then  to  construct  the 
main  to  realize  at  all  points  this  density,  leads  to  a  much  more  effec- 
tive disposition  of  the  conducting  material.  This  is  accomplished  by 
a  tapering  conductor,  the  cross-section  of  which  varies  directly  with 
the  current. 

Case  IT.  —  Conical  Conductors — Parallel  Feeding. 
578.    In  Fig.  303,  let  AB  and  CD  be  two  parallel  conical  conduc- 
tors connected  to  the  station  at  A  and  C,  and  having  a  cross-sectioo 
constantly  decreasing  in  proportion  to  the  diminution  of  the  current, 
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50  that  the  current  density  shall  be  constant  at  all  cross-sections. 
Assume  the  notation  as  indicated  in  Case  I.,  with  the  exception  of 
the  symbol  R,  which  in  Case  I.  had  a  constant  value  per  unit  of 
length,  while  in  the  present  case  the  value  of  R  will  evidently  vary 
with  the  distance  from  the  generating-station.  In  Case  I.,  R  was  the 
resistance  per  unit  of  length  of  each  main  ;  in  the  present  conditions 


i'   ^-^'   \    \    ^ 


fig.  SOS,    Diagram  af  Mam 

K  will  vary  with  x,  and  is  the  resistance  of  a  unit  of  length  at  the 
point  X  only  ;  therefore,  for  R  substitute  r,  denoting  a  variable  resist- 
ance, — 

<^(«o  -  «0  =-  rrf.r  X  2  f /,  -  ^j  ,  (199) 

in  which  r  is  the  resistance  per  unit  of  length  at  x.  But  r  ^  p/  S  at 
any  point  x,  p  being  the  specific  resistance  and  5  the  section  of  the 
conductor,  then,  — 

rf («,  _  tO  =  ^  X  2  ^/.  -  ^^  i  (200) 
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is  the  current  density  per  unit  of  cross-section,  which  by  hypothesis  -s 
constant ;  hence,  integrating,  — 

u,-t/~2JiJ„x,  (201) 

Rg  being  the  resistance  per  unit  of  length  at  the  origin. 

This  is  the  equation  of  a  straight  line,  indicating  a  uniform  drop 
from  the  station  to  the  end  of  the  conducting  system,  «,  —  a '  being  a 
maximum  when  x  —  L. 

670.  Assuming  the  data  in  the  example  given  in  Case  I., 
Ug-  u'  =  28.8  volts,  and  the  curve  EG  (see  Fig.  303)  is  obtained, 
showing  that,  with  a  conical  conductor  having  the  same  unit  resist- 
ance at  the  origin  as  a  cylindrical  one,  there  is  twice  the  drop ;  but, 
however,  the  weight  of  copper  used  in  each  main  is  only  one-third  of 
that  employed  in  the  cylindrical  mains.  This  is  evident  from  the 
fact  that,  in  both  systems  the  diameter  at  the  origin  and  the  length 
are  the  same,  while  the  weights  are  in  the  same  proportion  as  the 
volume  of  a  cylinder  and  cone  having  the  same  base  and  altitude,  or 
as  one  to  three.  If  in  the  conical  system  the  same  weight  of  copper 
is  allowed  as  in  the  cylindrical,  the  relative  drop  in  the  two  systems 
is  reduced  in  the  proportion  of  two  to  three,  as  indicated  in  Fig.  303 
by  the  -curve  EF.  The  section  of  the  conductors  at  the  origin  is 
then  three  times  as  great  as  in  the  cylindrical  system.  Thus,  for  the 
same  cost  of  conducting  system,  the  variation  in  potential  may  be 
decreased  and  the  drop  rendered  more  uniform  by  this  method. 

Case  III.  —  Cylindrical  Condttctors  —  Anti-Parallel  Feeding. 

680.  In  Cases  I.  and  II.,  the  adjacent  ends  of  the  mains  A  and  C 
are  connected  to  the  generator,  the  path  of  the  current  being  out- 
ward away  from  the  stations  along  the  main  AB,  and  backward 
toward  the  station  through  CD.  Thus  the  direction  of  the  current 
in  AB  is  opposite  to  the  direction  of  the  current  in  CD.  It  is  some- 
times feasible  to  connect  the  opposite  ends  of  the  main  to  the  station 
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instead  of  the  adjacent  ends.  Such  a-disposition  is  shown  in  Fig.  304, 
A  being  connected  to  one  pole  of  the  generator,  and  D  to  the  other, 
the  path  of  the  current,  as  indicated  by  the  arrows,  being  in  the  same  * 
direction  in  both  mains.  In  this  case  an  examination  of  the  diagram 
shows  that  no  receiver  can  enjoy  the  full  difference  of  potential  sup- 
plied by  the  generating-station,  for  the  reason  that  V^  is  at  one  end 
of  one  main,  and  v„  at  the  opposite  end  of  the  other.  In  this  case 
Ug  ~  u'  is  not  the  fall  of  potential  throughout  the  entire  length  of 
both  conductors,  but  is  the  variation  between  the  different  receivers, 
and  is  less  than  the  total  fall  for  the  two  mains  by  the  amount  lost  in 
either  one  of  the  conductors. 


FIf.  30*.    DlagHUit  tf  Witrltutlm  tf  PeltMlal  In  Can  III. 

A  further  study  of  the  diagram  will  show  that  — 

<i  (u,  -  u')  r=  J!  (i  -  i')  dx,  (202) 

f  and  1 '  being  the  current  in  the  respective  mains  at  the  point  x. 


=  /.- 


Integrating 


(203) 
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This  equation  is  also  that  of  a  parabola;  but  the  vertex  is  at  the 
center  of  the  mains,  and  the  maximum  variation  is  one-half  that  of 
Case  I.  When  :r  =  0  and  :t:  —  Z.,  «,  —  »'  is  0,  showing  that  at  each 
end  the  receivers  are  operating  under  the  same  potential.  To  locate 
the  maximum  difference  of  potential  between  the  receivers,  — 


X-LI2,  (206) 

a  maximum  ;  hence,  the  greatest  drop  is  at  the  center  of  the  main, 
and  has  the  value  RI^  j  4. 

Taking  the  same  value  for  the  constants  and  variables  as 
was  assumed  in  the  example  in  Case  I.,  the  curve  CD  plotted  in  Fig. 
2S6  is  obtained. 

This  curve  shows  the  rate  of  variation  in  pressure  between  the 
various  receivers  along  the  mains,  and  does  not  indicate  the  entire 
drop  between  the  potential  of  the  generator  and  the  point  of  least 
pressure  in  the  conductor ;  for,  as  has  already  been  indicated,  the 
value  of  w,  —  k'  is  less  than  the  total  difference  of  potential  by  a 
quantity  equal  to  the  fall  in  pressure  in  one-half  of  the  conducting 
system.  The  curve  of  total  fall  of  potential  may  be  obtained  by 
decreasing  the  ordinates  of  CD  by  a  quantity  equal  to  RIJ.j% 
which  is  the  resistance  of  half  the  conducting  system,  and  is  repre- 
sented in  Fig.  304  by  the  curve  CD".  Comparing  these  curves  with 
Cases  I.  and  II.,  a  much  more  uniform  and  regular  service  to  the 
customers  is  indicated,  demonstrating  the  advantageousness  of  this 
method  of  wiring  in  cases  where  it  is  possible  to  employ  it. 

Case  IV.  —  Conical  Conductors  —  Anti-Parallel  Feeding. 
681.    The  plan  of  feeding  from  the  opposite  ends  of  the  mains 
may  be  applied  in  conical  conductors  with  equal  advantage.     The 
arrangement  is  shown  in  Fig.  305.     From  the  equations  in  Cases  II. 
andlll.,—  rf(«,  _«')  =  («■ -r'O^,  (206) 

r  and  r'  and  i  and  i'  being  the  resistances  and  currents  in  either 
main,  respectively,  at  the  point  x.  Hence,  by  a  similar  train  of  rea- 
somng  as  in  the  previous  cases,  r  =  pi  j  S,  and  r'  =  pi'  j  S' ;   but 
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if  S   and    pi' I S'   are  constants  for  each   main,   by  hypothesis; 
lence,  — 

^("'-"7=0;  (207) 

^^  —  »'  >K  a  constant.    But  »,  —  «'  is  here,  as  in  Case  III.,  the  differ- 
'ftce  in  pfessure  between  the  receivers ;  hence,  — 

f'-z/-  V^  —  v^-  V^  —  v^  —  RJJ.;  (208) 

integrating  (207)  u^—t/^^JiJJL  (209) 

663.  This  is  the  equation  of  a  straight  parallel  to  the  axis  of  x ; 
hence,  by  this  method  of  wiring,  there  is  no  pressure  variation  be- 
tween the  different  receivers,  all  being  submitted  to  precisely  the 
same   difference  of  potential     This  method,  then,  presents  an  ideal 

H 1 


'■•v:r:y:KTT].- 


ri9-  aOS.     Ohgmm  ef  Otttrlt^thn  of  Patnrtlal  In  Cow  IV. 

solution  of  constant  "pressure  distribution.  The  only  variation  to 
which  the  receivers  are  subjected  is  that  due  to  a  change  in  the 
loading  of  the  entire  system,  which  may  be  compensated  for  by  the 
methods  of  regulation  to  be  described  later  on.  The  same  conclu- 
sions as  to  the  relations  of  the  amount  of  drop  and  weight  of  copper 
in  the  conducting  system  may  be  applied  in  this  case  as  in  Case  II. 

688.  Collecting  the  curves  indicated  by  these  equations,  and  re- 
ferring them  to  a  single  set  of  axes,  a  diagram  is  obtained  as  indi- 
*^ted  in  Fig.  306,  from  which  a  glance  will  show  the  relative  potential 
distribution  occurring  in  the  four  elementary  systems.  The  four 
^nations  from  which  these  curves  are  deduced  are  also  here  col- 
lected in  a  group,  in  order  that  their  properties  may  be  readily 
^nned.  The  salient  deductions  from  these  equations  are  collected 
it  Table  No.  80,  in  order  to  render  them  more  conspicuous. 
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Case  I.        «„-»-  =  i^  (2Z  -  x). 
Case  II.     »,  —  w '  =  2  ^<y^. 
Case  III.    «,-*/  =  ^^^  (Z  -  jr). 

Case  IV.    u<,  -  u'  =  RJ^. 
Table  No.  80. 

BelMlaiu  betwaen  Cu«s  I.j  II.,  HL,  and  IV. 
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685.  In  this  Table  the  diameter  of  the  conductors  at  the  genera- 
tor is  the  same  in  all  cases.  If  the  same  weight  of  copper  be  allowed 
in  all  cases,  the  value  in  Cols.  6  and  8,  Case  II.,  and  Cols.  7  and  8, 
Case  IV.,  must  be  multiplied  by  3  /  2 ;  and  the  values  in  Col.  5,  Cases 
II.  and  IV.,  divided  by  2. 

In  the  fifth  column  of  this  Table,  figures  are  given  showing  the 
amount  of  energy  which  is  lost  by  transformation  into  heat,  due  to 
the  resistance  of  the  conductor  under  a  condition  of  maximum  load- 
ing.    This  column  is  calculated  from  the  following  equation  :  — 

\dxi\  (214) 


-/' 


in  which  r  is  the  resistance  per  unit  of  length  at  the  point  where  the 
current  in  the  main  is  ('.  Integrating,  the  quantity  of  energy  lost  in 
the  cylindrical  conductors  is  found  to  be  — 

\RIL,  (215) 

and  for  conical  conductors  — 

RIL.  (216) 

686.  This  corresponds  with  the  relation  shown  in  the  Table  No. 
SO.  If  it  is  allowable  to  use  the  same  amount  of  metal  in  both  con- 
ical and  cylindrical  conductors,  the  section  nearest  the  station  in 
conical  mains  may  be  made  three  times  as  large  as  that  in  the  cylin- 
drical conductors.  Under  these  circumstances,  the  receivers  are 
subjected  to  a  much  less  difference  of  potential,  and,  at  the  same 
time,  the  energy  wasted  in  the  conductors  is. reduced  by  one-half  of 
the  amount  that  would  be  lost  in  cylindrical  conductors  having  the 
same  amount  of  copper.  From  the  preceding  considerations,  it  is 
■evident  that  wherever  it  is  practicable,  the  conical  conductor  fed 
upon  the  anti-parallel  system  gives  the  most  uniform  and  regular 
service,  wastes  the  least  amount  of  energy,  and  subjects  the  receivers 
1o  the  smallest  potential  variation.  Wherever  practicable,  therefore, 
ihis  method  should  be  adopted. 

MULTIPLE  WIRE  SYSTEMS. 

887.  Th©  Three-Wire  Syetem.  —  If  it  were  feasible  to  success- 
fully manufacture  incandescent  lamps  capable  of  operating  under  any 
desired  voltage,  it  would  be  possible,  by  increasing  the  resistance  of 
the  lamps,  to  work  central  stations  at  higher  potentials,  and  economize 
in  the  material  employed  in  the  conducting  system.      It  has  been 
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shown  that,  if  the  available  potential  remains  constant,  the  amount  of 
energy  distributed  will  vary  directly  as  the  current,  and  the  amount 
of  energy  lost  in  the  circuit  as  the  square  of  the  current.  By  increas- 
ing the  pressure,  more  energy  may  be  delivered,  or  a  greater  territory 
served,  without  increasing  the  losses  in  the  circuit.  So  far,  attempts 
to  make  incandescent  lamps  of  much  more  than  400  ohms  resistance 
have  not  been  commercially  successful ;  and  for  the  standard  16 
candle-power  lamp,  an  available  difference  of  pressure  at  the  lamp 
terminals  of  about  200  volts  is  all  that  can  be  rendered  useful.  Ex- 
perience has  shown  that  a  maximum  variation  in  pressure  throughout 
the  conducting  system  of  more  than  10  per  cent  is  not  compatible 
with  good  service.  Thus,  the  greatest  difference  in  pressure  at  the 
generators,  in  the  methods  of  wiring  so  far  desoibed,  is  usuaDy 
about  110  volts.     Any  plan  which  will  render  available  a  greater  dif- 


ference  of  potential  will  introduce  a  notable  economy  in  the  cost  of 
the  conducting  system. 

088.  Suppose  two  conductors  A  and  C,  Fig.  307,  between  which 
is  maintained  a  difference  of  potential  double  that  which  is  necessary 
for  any  one  of  the  receivers ;  for  example,  220  volts  in  an  incan- 
descent lighting  system  of  110  volt  lamps.  It  is  then  feasible  to 
place  lamps  in  series  of  two  between  the  mains  A  and  C.  Therefore, 
for  a  given  number  of  lamps,  the  necessary  quantity  of  current  is 
halved,  and  the  admissible  fall  of  potential  may  be  doubled.  The 
resistance  of  the  conductors  for  a  given  output  along  the  line  may  be 
quadrupled,  and,  consequently,  the  price  of  installation  is  reduced 
nearly  75  per  cent.  This  device,  however,  involves  the  sacrifice  of 
the  independence  of  each  receiver.  As  the  receivers  are  placed  in 
groups,  each  one  involving  a  series  of  two,  it  is  necessary  to  throw 
in  or  out  of  service  an  entire  group ;  for  if  a  single  receiver  be  placed 
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in  service,  it  will  receive  double  the  pressure  for  which  it  was  in- 
tended. This  defect,  however,  may  be  obviated,  by  so  designing  the 
station  machinery  that  the  dynamos  are  operated  in  groups  of  two 
placed  in  series,  to  obtain  the  desired  voltage,  and  then  introducing  a 
third  wire  B,  as  indicated  in  Fig.  308,  which  occupies  a  position  inter- 
mediate between  the  two  generators,  and  extends  through  the  entire 
system  of  conductors.  Under  these  circumstances,  each  unit  in  the 
station  must  consist  of  two  generators,  connected  together  in  series. 
By  inspection,  it  is  evident  that  the  middle  wire  is  traversed  by  a 
current  which  is  only  equal  to  that  originated  by  the  difference  in  the 
number  of  receivers  that  are  simultaneously  in  service  on  the  two 
sides  of  the  system.     The  principal,  or  outer  conductors,  when  the 


whole  plant  is  in  service,  only  cany  a  current  equal  to  one-half  that 
which  would  be  necessary  to  supply  the  same  number  of  receivers  if 
installed  on  the  two-wire  system  ;  and  in  this  case,  as  the  center  wire 
is  not  traversed  by  any  current,  it  has  received  the  name  of  the 
"  Neutral  Wire." 

689.  Supposing  now  that  a  part  of  the  load  on  one  side  of  the 
system  be  thrown  off.  In  the  previous  instance,  both  sides  were  bal- 
anced, but  now  one  side  needs  more  current  than  the  other ;  and  to 
preserve  the  independence  of  the  individual  receivers,  the  neutral 
wire  acts  as  an  overflow  main,  permitting  the  excess  of  current  on 
the  ovedoaded  side  of  the  system  to  return  to  the  generator  without 
affecting  the  other  side.  For  example,  in  Fig.  308,  suppose  100 
receivers  to  be  in  service  between  A  and  B,  and  80  between  B  and  C, 
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each  requiring  one  ampere ;  100  amperes  will  be  needed  on  the  AB 
side,  and  80  on  the  BC  side.  100  amperes  will  evidently  pass  out 
through  A,  80  back  through  C,  and  20  back  through  B.  By  this 
method  it  is  practical  to  introduce  very  large  economics  in  the  cost 
of  the  conductors,  to  greatly  extend  the  scope  of  the  plant  and'  the 
distance  over  which  it  is  possible,  from  a  financial  standpoint,  to 
transmit  electrical  energy.  The  copper  saving  which  may,  in  this 
way,  be  practiced,  is  easy  to  calculate,  and  depends  upon  the  rules 
which  have  already  been  given.  Suppose  that,  for  a  given  plant,  a 
certain  economical  density  of  current  has  been  determined.  This 
value  is  independent  of  the  method  of  distribution  employed;  so  if 
the  same  current  density  is  to  be  used  in  the  two  systems,  it  will  be 
observed  that,  by  the  three-wire  method,  the  fall  of  potential  is 
reduced  to  one-half.  As  an  example,  assume  a  current  of  50O  am- 
peres under  a  pressure  of  110  volts  to  be  required  by  the  receivers, 
with  a  drop  of  8  volts,  and  that  the  most  advantageous  current 
density  is  found  to  be  1000  amperes  per  square  inch.  It  is  neces- 
sary then  to  employ  for  two-wire  system  conductors  .5  in  area,  each 
giving  rise  in  the  length  of  the  conducting  system  to  a  drop  of  about 
7i  percent  of  the  total  available  potential.  Adopting  the  three-wire 
system  for  the  same  case,  as  the  potential  is  doubled,  the  same 
amount  of  energy  is  delivered  with  half  the  current,  and  so  the  cur- 
rent of  the  outer  conductors  is  reduced  to  250  amperes,  and,  at  the 
same  current  density,  the  amount  of  copper  is  reduced  in  each  con- 
ductor to  .25  sq.  in.  in  area.  It  is  a  common  practice  to  make  the 
third  wire  equal  in  section  to  the  principal  conductors,  then  the  total 
cross-section  is  .75  sq.  in,,  instead  of  1.00  sq,  in.,  and  the  total  amount 
of  copper  is  reduced  by  one-fourth.  The  fall  of  potential,  however, 
remains  equal  to  8  volts ;  and,  inasmuch  as  the  total  voltage  is  ndsed 
to  220,  the  percentage  value  of  the  fall  potential  is  only  3.6  per  cent 
instead  of  7i  per  cent,  as  in  the  preceding  example.  If,  on  the  con- 
trary, the  calculations  are  based  upon  an  equal  percentage  fall  of 
potential  in  each  case,  the  economy  to  be  obtained  in  the  aiDount  (tf 
copper  is  evidently  increased  to  five-eighths.  Thus,  in  reality,  each 
of  the  three  conductors  of  this  system  may  be  reduced  to  one-fourth 
of  the  area  necessary  with  the  two-wire  plan,  the  third  wire  being 
still  assumed  to  be  equal  to  the  other  two.  Therefore,  the  total 
amount  of  copper  in  the  three  conductors  is  only  three-eighths  of  that 
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which  is  required  under  the  two-wire  system  to  deliver  the  same 
amount  of  energy  with  the  same  percentage  of  drop.  If  all  the  re- 
ceivers on  one  side  of  the  conducting  system  were  out  of  service, 
while  all  on  the  other  side  were  in  commission,  it  is  conceivable  that 
the  neutral  wire  would  be  called  on  to  carry  a  current  as  great  as 
that  of  the  outer  main.  This  can  only  happen  by  some  accident, 
such  as  the  blowing  of  a  main  fuse,  which  would  actually  open  one  of 
the  outer  conductors  ;  for  by  no  possibility  of  service  condition  would 
half  of  the  customers  be  out  of  service  while  the  other  half  were 
in  action. 

680.  Good  practice  indicates  the  advisability  of  placing  half  of 
the  receivers  of  each  customer  on  one  side  of  the  system,  and  half 
on  the  other.  Then,  in  the  event  of  the  opening  of  one  conductor, 
one-half  of  all  of  the  receivers  that  are  in  the  circuit  are  thrown  out ; 
and  under  this  condition  the  neutral  wire  can  only  be  traversed  by 
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one-half  the  current  of  the  outer  main,  and  the  relative  amounts  of 
copper  for  the  two  and  three  wire  systems  under  such  similar  condi- 
tions are  as  sixteen  to  five.  It  is  also  feasible,  by  a  careful  study  of 
the  various  consumers,  to  place  across  the  outer  conductors  such 
of  the  receivers  as  are  able  to  accommodate  themselves  to  great 
changes  in  voltage,  as  motors,  for  example,  or  groups  of  lamps  that 
are  rarely  in  service.  Moreover,  the  two  halves  of  every  important 
installation  may  always  be  arranged  to  make  the  demands  of  each 
part  sensibly  the  same.  This  precaution  prevents  long  portions  of 
the  neutral  conductor  from  being  traversed  by  a  current  of  sensible 
amount  that  does  no  useful  work,  thus  economizing  the  lost  energy. 

601.  The  different  parts  of  the  third  wire  may  be  traversed  by 
various  amounts  of  current,  both  as  to  intensity  and  as  to  sign, 
although  at  the  same  time  a  balance  of  the  whole  system  be  care- 
fully preserved.  Fig,  309  gives  an  illustration  of  this  condition,  from 
■which  it  is  obvious  that  on  each  side  of  the  system  the  same  number 
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of  lamps  are  in  use,  and  that,  while  a  part  of  the  third  wire  is  trav- 
ersed by  a  current  equal  to  three  lamps,  the  system,  on  the  whole,  is 
balanced,  and  the  portion  of  the  conductor  nearer  the  station  is  en- 
tirely neutral.  It  is  advisable  to  carefully  study  every  important 
installation,  and  to  arrange  the  distribution  of  currents  to  attain  the 
jnaximum  conductor  and  energy  economy. 

Such  are  the  advantages  of  the  three-wire  system.  On  the 
other  hand,  there  are  certain  inconveniences,  which  it  is  now  advis- 
able to  consider.  It  must  be  noted  that  it  is  necessary  to  maintain 
in  operation  two  dynamos,  instead  of  a  single  machine ;  and  a  station 
unit  on  the  three-wire  plan  must  consist  of  two  dynamos,  each  having 
half  of  the  power  required  on  the  two-wire  plan.  While  the  weight 
of  the  two  dynamos  for  the  same  output  will  not  differ  sensibly  from 
that  of  a  single  machine,  the  initial  cost,  expense  of  operation,  and 
loss  of  efficiency  are  increased.  The  apparatus  at  the  central  station 
becomes  somewhat  more  complicated ;  but  this  inconvenience  is  con- 
fined to  the  dynamos,  for  the  engine,  or  other  motor,  may  remain  in 
each  case  the  same.  The  driving  machinery,  such  as  shafting,  pul- 
leys, etc.,  must  be  connected  to  two  generators  instead  of  one.  Also, 
the  difference  of  potential  between  the  system  and  the  ground  is 
doubled,  and  the  chances  of  accident  due  to  failure  of  insulation  be- 
come largely  increased.  These  objections  to  the  three-wire  system 
are  by  no  means  comparable  with  the  advantages  and  economy  to  be 
derived ;  so  all  central  stations  of  any  importance  are  now,  without 
hesitation,  designed  and  laid  out  in  accordance  with  the  principles 
enunciated.  Indeed,  so  great  are  the  benefits,  that  the  economical 
principles  outlined  have  been  extended,  and  similar  systems  using 
five  and  seven  wires,  with  corresponding  advantages,  are  by  no  means 
unique. 

602.  Multiple-Sariea  System  and  Modifications  of  the  Three- 
"Wire  System.  —  In  local  installations  of  small  extent,  where  the  full 
plant  load,  or  at  least  the  greater  part  of  it,  is  constantly  on  the  cir- 
cuit, and  where  the  independence  of  the  individual  receiver  is  not 
essential,  it  becomes  possible  to  avoid  the  complexity  introduced  by 
the  three-wire  system,  by  operating  the  receivers  in  groups  of  two  or 
more,  placed  upon  circuits  in  parallel  with  each  other,  thus  giving 
rise  to  the  multiple-series  method  —  see  Fig.  307.  The  origin  of 
the  three-wire  system  was,  doubtless,  an  effort  to  secure  at   once 
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the  independence  of  each  receiver,  and  the  economy  of  high  po- 
tential. 

In  the  multiple-series  system,  all  the  receivers  of  each  group 
must  be  in  operation  at  any  one  time ;  as,  if  any  one  of  the  group  is 
thrown  out  of  service,  the  remainder  will  be  either  subjected  to  an 
electrical  pressiu-e  greater  than  that  for  which  they  were  designed,  or 
idle  resistance  must  be  introduced  in  the  circuit  to  absorb  the  energy 
previously  consumed  by  the  now  isolated  receiver.  In  this  direction 
the  multiple-series  circuit  labors  under  the  same  disadvantages  and 
limitations  as  the  ordinary  plain-series  circuit. 

It  is  possible  in  some  cases,  where  the  load,  on  the  system  is  a  rea- 
sonably constant  one,  to  simplify  to  some  extent  the  three-wire  system 
by  avoiding  the  complexity  of  two  dynamos  at  the  central  station.  In 
Fig.  307  such  an  arrangement  is  indicated  —  a  single  dynamo  sup- 
plying the  circuit  having  double  the  electro-motive  force  of  the  receiv- 
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ers  on  the  sides  A  and  B.  The  third  wire  still  exists  in  the  circuit, 
but  does  not  return  to  the  station,  nor  is  any  connection  made  with 
the  generator.  Under  these  circumstances,  if  any  one  of  the  receiv- 
ers in  the  group  A  be  thrown  out  of  commission,  the  circuit  of  none 
of  the  others  will  be  actually  opened,  and,  conseqntly,  their  operation 
will  proceed  uninterruptedly.  As  the  generator  produces  a  constant 
electro-motive  force,  and  as  now  the  resistance  of  the  A  group  of 
receivers  is  increased  by  the  opening  of  the  circuit  of  one  or  more 
of  them,  and  is  higher  than  the  resistance  of  the  B  group,  the  fall  of 
potential  throughout  the  system  will  be  the  same  as  when  all  the 
receivers  were  in  operation,  but  the  potential  upon  the  A  group  will 
now  be  greater  than  that  upon  the  B  group.  While  formerly  the 
potential  of  the  central  conductor  cc  was  precisely  midway  between 
the  potentials  of  the  external  conductors,  the  potential  of  cc  is  now 
not  midway  between  those  of  the  outer  conductors,  but  approximates 
more  nearly  to  that  of   the  conductor  B,     In  cases  where  such  a 
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variation  in  ser\'ice  can  be  tolerated,  as  in  factories,  or  other  com- 
merciai  institutions  operating  their  own  lighting  plants,  this  method 
approximates  sufficiently  toward  the  best  service  to  be  desirable 

6S3-     For  very  small  installations,  where  the  mains  extend  a  con- 
siderable distance  from  the  generator,  yet  where  the  load  is  so  light 
as  to  render  two  machines  inexpedient,  the  conductor  economy  oi 
the  three-wire  system  may  be  rendered 
available  by  the  device  indicated  in  Fig 

311.  Here  the  generator  is  supplied 
with  a  third  brush  F',  set  midway  be- 
tween the  regular  brushes,  to  which  the 
third  wire  is  attached.  If  the  system  ii 
well  balanced,  with  rarely  any  current  in 
the  neutral,  this  scheme  is  fairly  suc- 
cessful ;  otherwise,  there  is  likely  to  be 
destructive  sparking  at  the  commutator. 

566.  The  three-wire  system  is  sus- 
ceptible of  a  very  great  number  of  modi- 
fications, many  of  which  will  readily  occur 
to  the  fertile  designer.  Mr.  Leonard,  in 
the  Electrical  Engineer,  indicates  several 
useful  combinations,  which  are  illustrated 
in  Figs.  312,  313,  and  314. 

In  the  arrangement  outlined  in  Fig 

312,  a  single  dynamo  is  connected  to  the 
external  conductors  M  and  P,  having  an 
electro-motive  force  double  that  of  the 
receivers  to  be  placed  upon  the  circuit. 
The  third  wire,  instead  of  returning  to 
the  generator,  is  connected  with  ihe  pole 

.     "^  "'L    .  of  the  storage  battery  S,  the  other  pole 

of  which  is  in  electrical  communication 
with  the  main  M,  Under  these  circumstances,  a  current  throvn 
upon  the  third  wire  N  is  absorbed  by  the  storage  battery,  while  the 
extra  load  upon  the  M  side  of  the  system  is  cared  for  by  the  output 
of  current  from  the  battery  in  question. 

694-    In  Fig.  313   an  arrangement  is  indicated,  consisting  of  two 
generators,  A  and  B ;  the  A  generator  has  double  the  potential  of 
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all  of  the  receivers,  while  the  B  dynamo  is  capable  of  developing  an 
electrical  pressure  equal  to  that  required  by  a  single  receiver. 

When  the  load  on  the  P  side  of  the  system  is  greater  than  that 
on  the  M  side,  a  current  returning  through  the  central  conductor  N 
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actuates  the  dynamo  B,  causing  it  to  operate  as  a  motor,  and  thus, 
by  means  of  the  counter  shaft  E,  relieving  the  prime  mover  of  a  part 
of  the  load  of  the  dynamo  A.  When,  on  the  contrary,  the  M  side  of 
the  system  is  overloaded,  the  dynamo  6  acts  as  a  generator,  sup- 
plying the  necessary  additional  current. 


696.  The  design  of  Fig.  314  is  a  modification  of  the  preceding 
arrangement,  by  means  of  which  the  generator  A  may  be  located  at 
a  considerable  distance  from  the  district  to  be  served,  while  in  close 
proximity  to  the  district  a  motor  R  and  generator  C  arc  located. 
The  generator  A  may  be  run  at  a  sufficiently  high  potential  to  make 
the  loss  between  G  and  R  comparatively  small,  while  by  means  of 
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the  motor  R  the  second  generator  C  may  be  made  to  operate  in 
conjunction  with  the  generator  A  upon  the  three-wire  system,  as 
.  indicted  in  the  previous  design. 

60fl.  The  Five-Wire  System.  —  By  an  extension  of  the  princi- 
ples thus  developed,  a  greater  number  of  circuits  may  originate  from 
the  same  station,  giving  rise  to  methods  of  multiple  wire  distribution, 
embracing  five  or  even  seven  wires,  operating  at  correspondingly 
high  potentials,  and  enabling  a  corresponding  reduction  in  the  ex- 
pense of  the  conducting  system.  All  of  the  advantages  previously 
enumerated  are  augmented  in  proportion  to  the  increase  in  the  num- 
ber of  wires,  while,  on  the  other  hand,  the  objections  inherent  in  the 
multiple  wire  systems  present  themselves  with  correspondingly  in- 
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creasing  force.  The  greater  the  complexity  of  the  station,  and  the 
difficulties  of  obtaining  sufficient  insulation  for  the  higher  potential 
differences  have  so  far,  in  this  country  at  least,  prevented  a  very 
wide  introduction  of  anything  but  the  three-wire  system.  Nearly  all 
of  the  plants  of  the  Edison  Company  in  this  country  are  built  upon 
the  three-wire  plan,  and  form  the  most  notable,  and  the  most  thor- 
oughly designed  and  executed,  examples  of  this  method  of  distribu- 
tion. In  Europe,  on  the  contrary,  where  the  areas  to  be  covered  arc 
perhaps  not  so  great  as  in  America,  and  where  greater  care  and  more 
thorough  work  is  to  be  expected  from  an  older  and  more  complete 
civilization,  the  five  and  seven  wire  systems  have  attained  quite  a 
wide  introduction,  accompanied  with  very  notable  success. 

587.     In   Fig.  315   are  given  diagrammatically  the   systems  of 
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■some  of  the  most  extensive  European   systems  of  direct  current 
4listribution,  being  adopted  in  the  following  towns  :  — 

A.  Parallel  system,  Berlin  (Markgrafenstrasse  Station),  La  Coruna. 

B.  Parallel  system  with  secondary  batteries,  Salzbu^  Lyons,  Toulon, 

Montpellier. 

C.  Simple  three-wire  system,  Berlin  (Mauerstrasse  Station,  SchifFbauer- 

damm,  and  Spandauerstrasse),  Elberfeld,  Helsingborg,  Malaga. 
jy.   Three-wire  system  with  one  dynamo  and  secondary  batteries,  Miil- 

hausen,  Stcx:kho1m,  Sundswall. 
£.    Three-wire  system  using  two  dynamos,  Vienna  (Mariahilf),  Darm- 
stadt, The  Hague,  Stettin,  fireslau,  Copenhagen. 
The  five-wire  system  with  equalizing  dynamo,  Trient. 
The  five-wire  system  with  equalizing  dynamo  and  secondary  batter- 
ies, Paris  (Place  Clichy). 
The  five-wire  system  with  two  generator  dynamos,  Vienna  (Neubad>- 
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698.  The  use  of  auxiliary  dynamo  machinery  in  several  of  these 
installations  will  be  noticed.  The  method  of  employment  is  similar 
to  that  already  indicated  in  Figs.  312,  313,  and  314,  for  the  three- 
wire  system,  and  in  Fig.  316,  showing  in  detail  the  design  for  a  five- 
wire  system.  Here  the  generator  G  runs  at  a  potential  sufBcient 
for  four  receivers,  and  is  attached  to  the  two  external  mains  of  the 
system.  At  any  desired  intermediate  point  or  points,  three  dynamo 
machines  are  introduced,  each  one  operating  at  a  potential  equal  to  a 
single  receiver.  So  long  as  the  system  is  entirely  balanced,  the  aux- 
iliary dynamos  absorb  merely  sufficient  power  to  turn  their  armatures 
against  friction  of  the  bearings  and  the  slight  losses  due  to  internal 


currents.  In  the  case  of  any  want  of  balance  in  any  part  of  the  sys- 
tem, the  dynamo  connected  with  that  portion  acts  either  as  a  motor 
or  as  a  generator,  depending  upon  whether  the  unbalancing  is  such  as 
to  give  rise  to  a  current  flowing  towards  the  station  through  the 
intermediate  wire,  or  away  from  the  station.  In  the  first  instance, 
the  current  flowing  toward  the  station  passes  through  the  auxiliary 
dynamo,  causing  it  to  run  as  a  motor,  thus  releasing  the  station  of 
that  amount  of  load.  Contrariwise,  should  the  unbalancing  make 
the  current  flow  away  from  the  station  in  any  intermediate  wire,  the 
dynamo  acts  as  a  generator,  demanding  from  the  station  such  an 
amount  of  power  as  will  enable  it  to  add  to  the  circuit  the  required 
current.  This  subject  will  be  further  illustrated  in  the  paragraphs 
upon  motor  transformers,  in  the  succeeding  chapter. 
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5B9.  Relative  Area  Covered  by  Two,  Three,  and  Five  'Wire 
ByeteniB.  —  The  territory  that  can  be  served  by  a  central  statron  only, 
depends  upon  the  amount  of  copper  that  is  placed  in  the  conducting 
system  in  proportion  to  the  number  of  customers  to  be  sen.-ed. 
With  a  limited  drop,  the  cost  of  the  conducting  system  may,  even  in 
a  small  territory,  rise  to  such  an  amount  as  to  prevent  the  enterprise 
from  being  a  commercial  success.  If  a  given  receiver  is  to  operate 
at  a  definite  distance  from  the  station  under  a  predetermined  drop, 
the  weight  of  the  conducting  system  is  readily  calculated.  If  the 
distance  is  increased  M  times,  the  drop  remaining  the  same,  the 
weight  of  the  conducting  system  will  be  proportional  to  J/'.  In 
general,  the  weight  and,  consequently,  approximately,  the  cost  of  the 
conducting  system,  is  expressed  by  the  formula  — 

W  =•  AI\  (216) 

in  which  W  is  the  total  weight  of  the  circuit,  A  a  constant  embracing 
the  drop,  the  conductor  weight  per  customer,  and  the  length  of  the 
system.  With  a  drop  of  5  per  cent,  and  an  average  of  12j  lbs.  of 
copper  per  lamp  in  the  conducting  system  per  50  watt  lamp,  a  single 
station  on  the  two-wire  system  is  limited  to  a  radius  of  about  1600  ft. 
To  extend  the  territory  to  2300  ft.,  formula  (216)  indicates  that  an 
expenditure  of  25  lbs.  of  copper  per  lamp  is  required.  Table  No.  81 
indicates  the  relative  possible  areas  to  be  served,  and  weight  of  cop- 
per per  lamp  and  drop. 

Table  No.  81. 

Ai«M  Oorarad  br  Hnltlpl^WIra  SgrtMnia. 
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eoo.  The  Feeder  and  Main  System.  —  All  the  methods  for  cir- 
cuit design  thus  far  indicated  may,  analytically,  be  reduced  to  one  of 
the  four  elementary  cases.  When  applied  to  the  distribution  of  very 
large  amounts  of  electrical  energy,  extending  over  considerable  areas. 
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embracing  points  widely  separated  from  each  other,  all  of  these 
methods,  even  including  the  multiple-wire  systems,  require  the  ex- 
penditure of  so  much  material  in  the  conducting  system,  in  order  to 
maintain  a  sufficiently  uniform  electrical  pressure  throughout  the  con- 
ducting network,  as  to  make  the  cost  of  the  system  too  great  to  per- 
mit of  a  profitable  return  upon  the  capital  invested.  As  a  solution 
of  this  problem,  Mr.  Edison,  in  this  country,  introduced  the  Feeder 
and  Main  System,  which  consists  in  subdividing  the  territory  to  be 
served  into  a  large  number  of  districts,  by  grouping  the  customers  in 
proximity  to  each  other  into  blocks  located  as  near  as  possible  at 
equal  distances  around  a  number  of  central  points.  From  each  of 
these  radiating  centers,  receiving  the  name  of  Centers  of  Distribution, 
a  pair  of  conductors,  termed  Feeders,  is  carried  back  to  the  central 
station.  Upon  the  feeders  no  customers  whatsoever  are,  under  any 
circumstances,  placed.  From  each  of  the  centers  of  distribution 
there  also  extend  a  second  set  of  mains  running  electrically  away 
from  the  center  of  distribution,  and  so  away  from  the  central  station, 
the  office  of  which  is  to  serve  the  various  consumers. 

601.  This  set  of  conductors  has  received  the  name  of  "  Distribut- 
ing Mains."  By  this  means  the  entire  territory  is  split  up  into  a 
number  of  subdivisions,  each  in  the  most  direct  electrical  communi- 
cation with  the  station,  by  means  of  such  an  independent  pair  of 
conductors  as  will  enable  the  station  to  supply  the  distributing  center 
with  the  required  amount  of  current,  at  any  desired  electrical  pres- 
sure. Inasmuch  as  there  are  no  customers  upon  the  feeders,  the  fall 
of  potential  in  the  feeders  is  a  matter  of  but  little  importance  so  far 
as  the  requirements  of  good  service  are  concerned,  these  conductors 
being  designed  merely  to  supply  to  the  distributing  center  the  re- 
quired amount  of  current  under  the  most  economical  conditions. 
The  central  station  may  embrace  a  number  of  different  dynamos,  all 
running  at  different  electrical  pressures,  each  one  conveying  to  its 
appropriate  center  the  necessary  current,  so  adjusted  that  on  arrival 
at  the  distributing  center  all  of  the  currents  will  come  in  under  a 
uniform  pressure,  maintaining  the  essential  constant  electrical  poten- 
tial over  the  entire  district.  Such  an  arrangement  is  indicated  dta- 
grammatically  in  Figs.  317,  318,  and  319. 

In  Fig.  317  the  central  station  is  shown  at  MN.  From  this 
point  a  pair  of  feeders  MA,  MA'  extend  to  the  center  of  distribution 
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AA'.  Two  other  seta  of  feeders  also  extend  to  the  centers  CC  and 
BB'.  From  AA',  BB',  and  CC  the  distributing  mains  are  extended, 
across  which  the  receivers  are  located.  From  M  to  A,  B,  and  C  any 
desired  fall  of  potential  may  be  allowed  to  take  place  in  the  feeders 
without  in  any  way  affecting  the  service  of  the  respective  receivers 
extended  upon  the  distributing  mains  emanating  from  these  points. 


Flt.317.    Fttdi 


The  distributing  mains,  however,  must  be  so  designed  that,  with  all 
variation  of  load  which  shall  be  thrown  upon  them,  the  fall  of  poten- 
tial shall  be  kept  within  such  a  limit  as  good  service  conditions 
require. 

602.    A  similar  design  is   indicated  in  Fig.  318,  in  which  the 
station  is  located  at  MN  in  the  center  of  the  district  to  be  served. 


fit-  SrA    fMtfnv  and 


from  which  three  sets  of  feeders,  MA,  MB,  MC,  and  MA',  MB',  and 
MC,  extend  to  the  distributing  mains,  that  are  located  in  ellipses 
around  the  central  station.  As  in  the  previous  illustration,  no  re- 
ceivers are  placed  upon  the  feeders,  so  the  variation  in  pressure  in 
this  part  of  the  conducting  cu-cuit  does  not  affect  the  customers,  but 
may  be  made  as  great  as  the  rules  of  maintenance,  economy,  and 
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safety  dictate.  Upon  the  distributing  mains.  A,  B,  C,  and  A',  B',  and 
C,  the  drop  must  be  restrained  within  service  limits,  no  matter  at 
what  sacrifice  of  conducting  material.  This  design  is  much  superior 
io  that  in  the  preceding  illustration,  as  it  is  evident  that  each  feeder 
can  supply  the  distributing  mains  in  two  directions,  thus  shortening 
the  electrical  length  of  the  distributing  mains,  and  obviating  accident 
in  case  of  the  rupture  of  any  conductor. 

603.    A  still  further  improvement  is  indicated  in  Fig.   304,  in 
which  the  distributing  mains  assume  the  fonn  of  a  circle,  around 


C        JSa/MAAAi- 


IT  ■ouLvnuiM 


rtf  it*,    f—hr  ttHmm.  PaU. 

which  the  receivers  are  equally  spaced,  while  the  feeders  are  intro- 
duced at  two  diametrically  opposite  points  upon  the  circumference. 

604.  For  installations  upon  a  large  scale,  such  as  are  required 
by  urban  distributing  plants,  especially  for  incandescent  lighting,  all 
of  the  foregoing  principles  are  usually  combined  in  the  design  of  the 
conducting  system.  An  excellent  example  of  this  is  indicated  in 
Fig.  319,  giving  in  a  skeleton  form  the  mains  of  the  Edison  Company 
along  one  section  of  the  plant  in  Paris.  A  slight  inspection  of  the 
diagram  indicates  that  the  general  design  of  the  conducting  circuit  is 
that  of  a  three-wire  system  embracing  conical  conductors  for  the  dis- 
tributing mains,  with  anti-parallel  feeding,  thus  realizing  the  highest 
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economy  in  the  conducting  material,  and  the  least  possible  potential 
variation.  < 

60S.  Location  of  the  Central  Station.  —  In  the  case  of  series 
distribution,  it  is  shown  that  the  location  of  the  central  station  is  a 
matter  of  relatively  slight  importance,  provided  the  site  is  chosen  on 
the  perimeter  of  the  polygon  formed  by  the  line  of  circuit;  that  all 
locations  on  this  line  are  equally  advantageous ;  and  that  in  case  it 
is  necessary  to  slightly  depart  from  the  actual  location  of  the  circuit, 
all  points  are  equally  available  that  are  equally  distant  from  the  line. 
Under  the  parallel  system  the  location  of  a  central  station  becomes  a 
matter  of  the  most  paramount  importance ;  for,  under  this  system, 
the  amount  of  current,  and  not  the  electrical  pressure,  is  the  govern- 
ing factor. 

The  losses  entailed  by  the  conducting  system  vary  as  the  square 
of  the  current  flowing,  and  as  the  resistance  of  the  conducting  sys- 
tem ;  and  as  the  supply  of  a  definite  territory  requires  a  definite  cur- 
rent, the  resistance  remains  as  the  only  variable  at  the  command  of 
the  engineer.  The  dictates  of  both  maintenance  and  economy,  and 
the  requirements  of  good  service,  make  it  essential  to  reduce  the  ex- 
pense of  the  conductor  system  in  every  direction  to  the  lowest  possi- 
ble amount.  As  will  be  now  shown,  this  is  best  accomplished  by 
locating  the  central  station  at  the  electrical  center  of  gravity  of  the 
district  to  be  served,  considered  in  relation  to  the  various  points  to 
which  energy  must  be  distributed,  and  the  amount  of  energy  to  be 
conveyed  to  each  respective  center.  In  many  cases,  the  very  impor- 
tant consideration  of  coal  and  water  supply,  the  availability  and  econ- 
omy of  real  estate,  and  physical  causes  affecting  the  ability  to  obtain 
the  requisite  foundations  for  heavy  machinery,  must  be  taicen  into 
consideration  in  the  selection  of  the  station  site.  Leaving,  for  the 
present,  these  conditions  out  of  the  question,  the  location  of  the  site 
should  be  determined,  in  so  far  as  the  relation  to  the  conducting  sy.s- 
tem  is  concerned,  at  such  a  point  in  the  district  as  will  place  it  at 
the  electrical  center  of  the  conducting  system.  To  properly  locate 
the  central  station,  a  reasonably  accurate  map  should  be  made  of  the 
district,  with  a  careful  canvass  of  all  the  probable  customers,  obtain- 
ing the  amounts  of  energy  that  they  are  likely  to  demand.  An 
inspection  of  a  good  map  so  prepared  will  enable  the  engineer  to 
select  a  number  of  points  in  the  district,  which  will,  from  the  topo- 
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graphical  features  of  the  territory,  be  made  centers  of  distribution. 
From  these  centers  of  distribution  the  distributing  mains  extend, 
electrically  speaking,  away  from  the  station,  while  toward  the  station 
from  each  point  the  feeders  will  run.  From  a  canvass  of  the  custom- 
ers, the  amount  of  energy  to  be  delivered  at  each  of  the  centers  of 
distribution  is  determined,  thus  giving  the  maximum  current  flowing 
through  the  feeders,  and  the  current  to  be  diffused  by  the  distrib- 
uting mains.  These  amounts  should  be  carefully  noted  opposite 
each  of  the  centers  of  distribution,  where  the  feeder  joins  the  dis- 
tributing main. 

SOe.    To  determine  the  proper  station  site,  suppose,  in  Fig.  320, 
the  irregular  outline  includes  the  territory  to  be  served,  the  black 
dots  scattered  throughout  indicating  the  location  of  each  of  the 
centers  of  distribution,  and  the  amount  of  cur- 
rent to  be  delivered  at  each  of  the  respective 
points.     The  problem  to   be  solved,  in  order  to 
determine  the  proper  location  of  the  station,  is 
to  ascertain  the   electrical   center  of  gravity  of 
the  points  of  distribution,  precisely  as  the  center 
of  gravity  of  an  irregular  solid  would  be  ob- 
tained.     Graphically,  a  solution  is  obtained    by 
selecting  any  two  centers  of  distribution,  and 
ioart/»rf«-WB-.       joining  them  by  a  straight  line. 

This  line  should  be  divided  into  two  parts,  in- 
versely proportional  to  the  amount  of  current  to  be  delivered  at 
each  of  the  centers ;  such  a  point  is  then  electrically  the  center  of 
gravity  of  the  two  distributing  points  in  question.  The  process  is 
repeated  until  the  resultant  center  of  gravity  of  all  of  the  centers 
of  distribution  is  obtained,  indicating  the  best  location  for  the  sta- 
tion, considering  simply  maximum  economy  in  the  cost  and  main- 
tenance of  the  distributing  system.  Analytically,  the  determination 
of  the  station  site  is  as  follows  :  — 

Assume  that  at  the  points  1,  2,  3,  etc.,  currents  represented  by 
*,  V,  i",  etc.,  are  to  be  delivered,  and  that  the  centers  of  distribu- 
tion may  be  connected  by  straight  lines  with  the  station.  The 
weight  of  each  conductor  for  a  given  fall  of  potential  is  propor- 
tional to  the  product  of  a  constant  depending  upon  the  allowable 
drop,  the  current   i,   and   the   square   of    the    length   of    the   con- 
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ictor  /.  Hence,  the  weight  of  each  conductor  01,  02,  08,  etc., 
'         *  w-Al%  (217) 

I  which  -Uf  is  the  weight  of  the  conductor,  and  A  the  constant  above 
ifeired  to.  The  total  weight  of  the  feeder  system  is  the  sum  of  all 
tiese  equations  applied  from  the  point  O  to  the  distributing  points 
.■2,  3,  etc.,—  W^A^iH.  (218) 

The  study  of  mechanics  presents  a  similar  problem,  the  solution  of 
vhich  indicates  a  key  to  the  solution  of  the  above  equation. 

If,  at  the  points  1,  2,  3,  etc.,  masses  of  matter  are  supposed  to 
be  concentrated,  the  magnitude  of  which  may  be  represented  by  the 
current  values  /,  »',  i",  etc.,  the  term  S  /"  i  represents  the  moment  of 
inertia  of  this  system  with  reference  to  the  point  O,  from  which  the 
following  conclusions  may  be  drawn  :  — 

ao7.  First.  The  moment  of  inertia  of  the  system,  with  refer- 
ence to  the  center  of  gravity,  is  a  minimum, 

ao8.  Second.  The  moment  of  inertia  referred  to  any  other  point 
than  the  center  of  gravity,  depends  upon  the  distance  "/^"between  the 
center  of  gravity  and  the  second  point  of  reference.  The  moment 
of  inertia  is  equal  upon  all  points  of  any  circumference  described 
with  the  center  of  gravity  as  a  center  with  "  D  "  for  a  radius,  there- 
fore —  TAe  best  site  for  a  central  station  is  the  electrical  center  of  gravity 
of  the  centers  of  distribution.  All  locations  equally  distant  from  this 
point  are  equal  in  value.  As  the  station  is  removed  from  the  electri- 
cal center  of  gravity,  the  pounds  of  copper  required  for  the  conducting 
system  are  rapidly  increased. 

909.  Let  W  be  the  weight  of  copper  required  for  the  conductors, 
when  the  station  is  located  at  the  electrical  center  of  gravity  of  the 
system,  and  W  the  weight  when  located  at  any  point  distant  d  feet 
Irom  the  center  of  gravity. 

Let  /  be  the  length  of  any  feed. 
Let  /   be  the  current  in  this  feed. 
Let  L  be  the  average  length  of  all  the  feeds. 
Let  /  be  the  total  current. 
Let  the  above  symbols  apply  when  the  station  is  located  at  the 
electrical  center  of  gravity,  then,  — 

S/*/  =  ZV;  (219) 

Md  W  =  AIM,  (220) 
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A  being  a  constant  depending  on  the  allowable  drop,  as  shown  in  the 
paragraph  on  the  "  Limits  of  the  Three-Wire  System."  If  the  station 
is  moved  to  another  site,  distant  d  feet  from  the  center  of  gravity, 
then,  — 

Let  /'     =  the  new  length  of  any  feed. 

Let  Z'    =  the  average  length  of  all  the  feeds, 

Let  W  =  the  weight  of  copper  now  required, 

Let  /  and  /  remain  the  amount  of  the  current,  as  before ; 

then,  5/'*i  =  Z'*Z  (221) 

and  W  =  AL'*I;  (222) 

fromwhich  W  —  W  =  L'^  ~  L\ 

The  mean  length  is  analogous  to  radius  of  gyration  and,  therefore,  — 

Z*-rf*  =  Z'';     W—   W^AId*- 
and  ^ ^-  (223) 

This  is  the  equation  of  a  parabola  having  its  vertex  at  the  origin  and 
branching  upward  away  from  the  axis  of  x.  So  the  conductor  material 
increases  very  rapidly  as  the  station  is  moved  away  from  the  electri- 
cal center  of  gravity  of  the  system.  Increasing  the  weight  of  the 
conducting  system  means  not  only  a  much  larger  initial  investment, 
but  also  increased  maintenance  expense,  and  increased  cost  due  to 
energy  lost  in  the  conducting  system.  (See  "  Location  of  Central 
Offices,"  by  the  same  author.) 

610.  On  the  other  hand,  the  removal  of  the  station  from  the 
center  of  gravity  may  permit  the  utilization  of  real  estate  at  such 
an  advantage  as  will  more  than  compensate  for  the  extra  capital  in- 
vested in  the  line.  Furthermore,  locations  may  be  chosen  permitting 
the  utilization  either  of  water-power  directly,  or  of  water  to  supply 
condensing  engines,  or  may  provide  access  to  transportation  facilities 
for  fuel  supply,  thus  cheapening  the  cost  of  power  production  to  such 
an  extent  as  to  make  the  additional  conductor  investment  required  by 
the  change  in  location  a  most  desirable  investment.  The  decision  of 
the  location  should  be  determined  from  the  following  considerations : 
Determine  the  cost  of  plant,  and  cost  of  operation,  with  station  located 
at  the  electrical  center  of  gravity.  Determine  the  value  of  the  same 
items  with  the  station  placed  at  any  other  location  presenting  sup- 
posed advantages.  An  equation  between  these  quantities  will  at 
once  indicate  which  of  the  two  sites  possesses  the  greater  advantages, 
and  the  relative  value  of  the  merits  in  both  cases. 
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eil.  Itocation  of  the  Feeders  and  Centers  of  Distribution.  — 
n  the  preceding  analytical  investigation,  it  has  been  assumed  that 
he  feeders  extended  to  the  centers  of  distribution  in  straight  lines. 
In  practice,  this  would  rarely  be  the  case,  and  the  symbols  in  the 
^uations  must  be  assigned  values  obtained  from  the  actual  location 
Df  the  conductors.  Many  other  circumstances  contribute  to  limit  the 
number  of  feasible  selections  for  the  location  of  the  central  station, 
and  the  design  for  the  main  feeds.  Regarding  the  points  where  the 
feeds  unite  and  join  the  network  of  distributing  mains,  it  is  obvious 
that  the  possible  theoretical  locations  are  very  much  limited,  and 
must  conform  to  urban  geography. 

Distributing  boxes  and  other  conduit  structure  must  be  located  on 
the  streets  and  at  street  corners  ;  and,  therefore,  for  each  block  there 
can  only  be  four  possible  locations  from  which  to  choose  for  the  junc- 
tion between  the  main  feeds  and  the  distributing  mains.  Application 
of  the  equations,  however,  are  available  in  determining  which,  of  all 
possible  locations,  will  be,  on  the  whole,  the  most  advantageous ;  and 
the  actual  placing  of  the  mains  should  conform,  as  nearly  as  possible, 
to  that  which  is  thus  obtained. 

613.  Distributing  Maine.  —  It  has  been  pointed  out  that  the 
reason  for  employing  the  system  of  feeders  and  mains,  is  the  neces- 
sity for  preserving,  at  all  points  throughout  the  distributing  mains,  a 
constant  difference  of  potential,  in  order  to  secure  satisfactory  service 
to  the  consumers.  In  illuminating  plants,  the  most  brilliant  lamps 
will  evidently  be  those  placed  nearest  the  junction  between  the  feeds 
md  distributing  mains,  while  those  of  the  least  brilliancy  will  be  such 
as  are  located  midway  between  the  two  feeding-points.  Experience 
has  shown  that  a  variation  of  2  per  cent  in  the  voltage  at  any  lamp 
is  about  as  large  as  can  be  entertained  compatibly  with  reasonably 
good  service.  Therefore,  the  value  of  2  per  cent  of  the  available 
voltage,  at  the  center  of  distribution,  is  a  compulsory  constant,  and 
must  be  applied  in  the  equations  for  determining  the  copper  cross- 
section  of  the  distributing  mains.  At  each  junction  point  between 
a  feeder  and  the  network  of  distributing  mains,  there  flows  a  current 
^ving  a  maximum  value  sufficient  to  supply  the  territory  surrounding 
the  distributing  center.  This  current  must  now  be  subdivided  among 
'he  various  distributing  mains  that  terminate  at  the  center  of  distri- 
iiution,  in  proportion  to  the  probable  demands  of  each  main.     In  the 
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district  thus  to  be  served,  the  total  number  of  lamps  and  their  dis- 
tance from  the  center  of  distribution  being  determined  from  the 
map  and  canvass  of  the  territory,  the  copper  cross-section  to  deliver 
the  required  current  with  the  specified  fall  of  potential  may  be  readily 
calculated  by  the  methods  already  given. 

dlS.  It  should  be  carefully  noted,  however,  that  all  calculations 
should  be  made  for  the  maximum  load  that  will  ever  be  thrown 
upon  any  conductor.  It  has  been  customary  to  calculate  a  section 
of  the  mains  for  several  points  in  the  network  where  the  heaviest 
and  where  the  lightest  loads  may  reasonably  be  expected  to  occur, 
and  proportion  the  rest  of  the  system  between  these  extremes.  Good 
engineering,  however,  scarcely  sanctions  this  practice ;  for  while  in 
complicated  plants  full  calculation  is  exceedingly  tedious,  satisfac- 
tory service,  and  economy  in  first  cost,  always  warrant  the  most  care- 
ful investigation  and  calculation  of  the  design  of  the  conducting 
system.  If  the  junction  points  between  the  feeds  and  network  are 
placed  too  far  apart,  the  equations  will  indicate  an  excessive  copper 
cross-section  for  the  distributing  mains,  in  order  to  prevent  toe 
great  a  fall  of  potential.  Such  a  result  points  to  the  advisability  of 
introducing  a  greater  number  of  feeders,  in  order  to  reduce  the 
copper  cross-section  to  a  minimum.  Evidently  a  relation  between 
the  copper  to  be  placed  in  the  feeders  and  in  the  mains  may  be 
written,  which,  when  differentiated  and  equated  to  zero,  will  give  the 
minimum  copper  volume  to  be  employed  in  the  entire  plant. 

614.  Calculation  of  Feeders.  —  As  the  feeders  operate  as  sim- 
ple conductors  of  definite  length  and  carrying  a  definite  maximum 
current,  the  calculation  of  the  appropriate  section  by  Ohm's  for- 
mula, taking  into  consideration  the  lines  of  economy  indicated  by 
Lord  Kelvin,  becomes  exceedingly  simple.  The  only  constants 
requiring  careful  determination  are  those  of  the  allowable  fall  of 
potential  in  the  feeds,  the  maximum  and  mean  currents,  and  time 
of  operation.  As  no  customers  are  connected  with  the  feeders, 
service  limitations  have  no  bearing  in  the  calculations  for  this  part 
of  the  conducting  system.  Here,  on  the  contrary,  the  rules  of 
economy  and  safety  become  of  paramount  importance.  It  is  first 
advisable  to  determine  the  maximum  current  to  which  each  feed 
will  be  subjected,  and  then  to  ascertain  the  requisite  cross-section 
required  by  heating  limit  to  carry  this  current.     For  this  purpose. 
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formulae  for  current  density,  given  in  a  preceding  chapter,  are 
available.  Particular  care,  however,  must  be  taken  in  the  case  of 
conduit  or  concentric  conductors,  to  allow  an  ample  margin  of 
safety.  Having  determined  the  minimum  cross-section  for  the 
maximum  current,  it  is  advisable  to  apply  Lord  Kelvin's  taws,  as 
indicated  in  the  section  for  "  Minimum  Cost  of  Plant,"  and  "  Mini- 
mum Cost  of  Operation  and  Maintenance,"  to  detennine  whether 
the  cross-section  already  found  is  that  indicated  by  the  dictates  of 
economy.  All  of  the  necessary  constants  may  be  readily  valued, 
excepting  the  quantities  I  and  T,  indicating  the  mean  current  and 
time  of  operation  of  the  plant.  These  demand  careful  study,  and 
can  only  be  estimated  by  considerable  experience  in  similar  plants, 
operating  under  equivalent  conditions  to  the  one  under  considera- 
tion. In  series  plants,  the  determination  of  T  and  I  presents  no 
difficulty ;  for  I  (the  current)  is  a  constant,  and  T  is  the  total  annual 
hours  of  operation.  With  parallel  plants,  however,  the  current  is 
constantly  varying,  and  to  ascertain  its  mean  annual  value  (the 
quantity  necessary  to  consider)  requires  special  investigation  and 
precaution. 

815.  The  energy  lost  in  the  conducting  system,  by  transforma- 
tion into  heat,  is  proportional  to  the  square  of  the  current  multi- 
plied by  time  during  which  it  flows.'  Thus,  if  i,  i',  i",  etc.,  are  the 
respective  currents  flowing  for  a  time  dt,  then  the  energy  wasted  is 

proportional  to  — 

^    "^  5  (»'  +  »"  +  /'"  +  etc.)  -*,  (224) 

w^hich  is  a  quantity  which  may  differ  considerably  from  the  square 
of  the  mean  current  multiplied  by  the  time  of  its  flow.  To  deter- 
niine  the  current  and  time  factors,  it  is  advisable  to  procure  a  num- 
ber of  load  curves  from  stations  probably  similar  to  the  one  under 
design.  From  a  careful  consideration  of  these  a  fair  estimate  may 
be  made.  This  value  may  be  checked  by  a  consideration  of  the 
probable  number  of  consumers  to  be  obtained  for  the  plant,  with  the 
amount  and  length  of  time  that  they  are  likely  to  use  a  current.  It 
is  considered  that  500  hours  per  year  is  a  minimum  for  paying  sta- 
tions. Greater  values,  1,500  hours  (4J  hours  per  day)  for  ordinary 
custom  lighting,  such  as  restaurants,  stores,  etc.,  or  3,600  hours  for 
public  lighting,  etc.,  requiring  all  night  service,  are  the  customary 
averages.     From   a  careful  analysis  of  the  probable  demands  for 
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current,  and  a  comparison  with  load  diagrams  of  stations  similarly 
situated,  it  is  possible  to  deduce  the  probable  load  diagram  of  the 
plant  with  a  reasonable  degree  of  accuracy.  Given  the  load  dia- 
gram, the  value  of  the  expression,  — 

2  (/* +  i'* +  *■'"+ etc.)  rf/, 

is  most  easily  made  by  integrating  with  a  planimeter  the  area  of  the 
load  diagram.  By  this  method  the  appropriate  values  for  I  and  T 
are  readily  selected,  and  a  solution  of  the  preceding  equations 
indicates  the  appropriate  economical  section  for  the  feeder  ;  a  repe- 
tition of  the  process  serving  to  determine  the  section  for  all  the 
various  feeder  mains.  Having  determined  the  appropriate  current 
density  for  the  feeder,  both  with  respect  to  the  heating  limit  and 
dictates  of  economy,  the  fall  of  potential  in  each  feed  is  given  by  the 
equation  E  =  pHlS. 

eie.  The  question  of  the  best  number  of  feeds  to  be  employed 
yet  remains,  and  deserves  careful  consideration.  The  weight  of 
copper  is  not  increased  by  augmenting  the  number-  of  feeds ;  for, 
by  multiplying  the  feeds,  the  weight  of  distributing  mains  may  be 
decreased.  The  expense  of  installing  and  the  cost  of  laying  the 
feeders  are,  however,  augmented  to  some  extent  by  the  number  in- 
troduced. This,  however,  is  largely  counterbalanced  by  the  greater 
saving  in  copper  that  can  be  made  in  the  distributing  mains ;  for  the 
increased  number  of  feeds  will  render  the  potential  throughout  the 
network  more  constant  and  uniform,  thereby  reducing  the  amount 
of  copper  required  in  this  part  of  the  system. 

It  is  sometimes  assumed  that  the  weight  of  distributing  mains  in 
the  network  varies  inversely  as  the  square  of  the  number  of  feeds ; 
while  this  ratio  is  probably  too  large,  it  is  certainly  greater  than  the 
first  power,  and,  as  will  be  shown,  increasing  the  number  of  feeds 
forms  one  of  the  best  methods  for  close  regulation.  The  exact  num- 
ber of  feeds  to  be  introduced  in  any  plant  is  a  question  of  judgment 
which  can  only  be  adequately  determined  by  special  consideration  of 
the  design  of  the  plant  and  of  the  probable  number  of  consumers. 
Beyond  this  no  fixed  rule  can  be  given. 

617.  Efficiency  of  the  Conductora.  —  The  minimum  efficiency 
of  the  network  of  distributing  mains  is  that  which  corresponds  to 
the  maximum  current,  and  may  be  deduced  from  the  calculations  for 
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current  density.  A  consensus  of  experience,  in  distributing  plants 
of  this  nature,  indicates  that  a  permissible  fall  of  potential  of  7  per 
cent  may,  in  the  feeders,  be  allowed,  2  per  cent  in  the  network  of 
distributing  mains,  and  1  per  cent  in  the  consumers'  wiring,  reckoned 
upon  the  potential  at  the  terminals  of  the  generators.  It  may,  there- 
fore, be  assumed  that  about  90  per  cent  of  the  energy  delivered  by 
the  station  reaches  the  consumers.  The  mean  annual  efficiency  may 
be  considerably  higher  than  this,  for  the  instances  in  which  a  plant 
is  being  constantly  worked  to  its  full  capMcity  are  very  rare.  Occa- 
sional overloading,  even  to  the  extent  of  causing  a  loss  in  the  feeds 
of  from  15  to  18  per  cent,  will  not  seriously  alter  the  annual  effi- 
ciency, inasmuch  as  the  time  of  such  overloading  is  usually  extremely 
short.  Even  under  these  circumstances,  an  annual  efficiency  of  95 
per  cent  or  more  may  be  reached  by  the  conducting  system. 

618.  Methods  of  Begrulation.  —  The  prime  condition  demanded 
by  good  service  is  that  the  difference  of  potential  at  the  terminals  of 
the  receivers  shall  remain  constant.  A  network  properly  calculated 
does  not  cause  a  loss  of  over  2  per  cent  between  the  receivers,  the 
feeds  being  so  designed  as  to  deliver  equal  pressures  to  all  the  cen- 
ters of  distribution.  The  station  should  be  so  arranged  that  the 
potential  delivered  by  the  generators  may  be  slightly  varied  to  corre- 
spond to  the  demands  of  the  service.  Direct  current  distribution  is 
usually  effected  by  arranging  a  number  of  similar  generators  to 
operate  in  parallel,  and  connecting  them  at  pleasure  with  the  various 
feeders,  to  meet  the  varying  demands  of  the  service.  The  divergence 
of  the  current  among  the  various,  feeders  should  take  place  in  accord- 
ance with  the  demands  of  the  customers ;  and  to  this  end  it  is  neces- 
sary that  the  station  should  be  able  to  control  the  supply  in  such  a 
manner  that  it  may  take  place  substantially  in  accordance  with  the 
requirements  of  each  circuit,  so  a  knowledge  of  the  actual  poten- 
tial delivered  from  time  to  time  at  the  centers  of  distribution  is 
essential. 

eie.  For  this  purpose  a  series  of  fine  wires  called  voltmeter 
wires,  or  pilot  wires,  are  extended  through  the  conduits  from  the 
centers  of  distribution  back  to  the  station  along  each  of  the  feeder 
circuits.  These  wires,  running  from  the  centers  of  distribution,  are 
permanently  connected  to  the  voltmeters  in  the  station,  and  so  give 
a  constant   indication  of    the   pressure  actually  delivered  at  these 
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points.  If  there  are  as  many  tell-tale  wires  and  voltmeters  as  there 
are  feeders,  it  becomes  a  very  easy  matter  for  the  station  attendants 
to  keep  a  perfectly  constant  pressure  at  the  centers  of  distribution. 
An  improvement  over  this  method,  combining  a  greater  sensitiveness 
with  a  clearer  knowledge  of  the  demands  of  the  circuit,  consists  in 
supplying  each  of  the  feeders  with  an  ampere  meter  having  a  double 
scale  arranged  to  measure  the  current  flowing  in  the  feed,  and  the 
fall  of  potential  thereby  occasioned. 

eao.  The  most  common  method  of  station  control  consists  in 
introducing  in  each  of  the  feeders  an  adequate,  adjustable  rheostat, 
either  of  wire  or  carbon,  by  means  of  which  the  current  delivered  to 
the  feeder  in  question  may,  from  time  to  time,  be  adjusted  by  the 
station  attendant.  It  has  been  recently  proposed  to  accomplish  reg- 
ulation by  giving  the  field  magnets  of  the  generators  a  differential 
winding,  placed  in  series  with  the  pilot  wires  returning  from  the 
centers  of  distribution,  in  such  a  manner  that  a  fall  of  potential  at 
the  center  of  distribution  will  be  followed  by  an  increase  of  current 
through  the  field  coils  of  the  generator,  and  a  proportional  increase 
in  the  pressure  delivered  by  the  machine.  A  parallel  result  could 
evidently  be  attained  by  over-compounding  the  generators,  and  pass- 
ing the  feeder  current  through  the  field  coils.  The  difficulty  with 
both  of  these  methods  lies  in  the  necessity  of  so  constructing  the 
generators  that  their  fields  may  work  at  a  very  low  degree  of  satura- 
tion, in  order  to  be  sensitive  to  slight  variations  in  field  current,  and 
in  the  inevitable  sluggishness  with  which  the  magnetic  circuits  of 
large  dynamos  will  respond  to  changes  in  the  field  currents,  even  at 
low  points  of  saturation. 

eai.  A  more  hopeful  design  for  automatic  regulation  lies  in 
arranging  the  governor  of  the  engine,  or  other  prime  mover,  to 
respond  to  changes  in  the  feeder  currents,  in  a  way  to  vary  the 
speed  of  the  generator.  Designs  of  this  kind  are  reported  to  be 
very  successful.  Regulation  may  also  be  accomplished  by  multiply- 
ing the  number  of  feeds,  with  the  notable  advantages  of  a  proportion- 
ate saving  in  the  energy  expended  in  the  conductors,  and  a  much 
more  satisfactory  service.  Where  regulation  by  a  multiplication  of 
feeds  is  undertaken,  they  are  so  arranged  that  they  can  be  cut  in  and 
out  of  service,  in  such  a  manner  as  to  var)'  the  total  resistance  of  the 
circuit,  as  nearly  as  may  be,  in  proportion  to  the  changes  of  load. 
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Then,  during  the  hours  of  minimum  service,  only  a  few  feeds  are  in 
service,  and  as  the  load  increases,  more  and  more  are  thrown  in 
service. 

622.  The  Compensator.  —  The  most  ingenious,  and  probably 
the  most  successful,  method  of  regulation  consists  in  the  employment 
of  compensating  dynamos,  whereby  such  an  amount  of  energy  as  is 
wasted  in  any  feeder  may  be  restored  to  the  current  transmitted 
from  the  station.  To  overcome  the  ohmic  resistance  of  any  conduc- 
tor requires  the  expenditure  of  a  certain  amount  of  energy.  This 
expenditure  of  energy  manifests  itself  in  a  fall  of  the  electrical  pres- 
sure. If,  by  some  device,  there  could  be  added  to  the  station  output 
precisely  the  amount  of  voltage  that  is  expended  in  transmitting  the 
current  through  the  feeder,  the  energy  would  always  arrive  at  the 
center  of  distribution  under  a  constant  tension.  Mr.  W.  S.  Barstow 
conceived  and  put  in  practice  the  idea  of  using  a  small  auxiliary 
dynamo,  the  office  of  which  should  be  to  add,  from  time  to  time,  to 
the  station's  current  the  required  amount  of  voltage  necessary  to 
overcome  the  resistance  of  the  feed.  As  usually  arranged,  a  small 
dynamo  is  placed  with  its  brushes  in  series  with  the  feeder  circuit. 
The  station  current,  passing  through  the  armature  of  the  compen- 
sator, receives  precisely  the  additional  amount  of  electrical  energy 
that  is  to  be  expended  in  transmitting  the  current  through  the  feeds. 
As  the  increase  of  energy  is  manifested  by  an  elevation  of  poten- 
tial, the  compensating  dynamo  is  frequently  known  as  "  Barstow's 
Booster."  If  the  compensators  are  made  sufficiently  large,  that  they 
may  normally  work  along  the  straight  portion  of  the  characteristic, 
either  the  whole  or  any  desired  fraction  of  the  main  current  may  be 
passed  through  the  field  coils,  and  the  device  made  self-regulating, 
the  voltage  imparted  by  the  compensator  automatically  varying  pre- 
cisely in  proportion  to  the  current  output.  To  accomplish  this 
requires  a  larger  and  more  expensive  dynamo ;  and  tt  is,  therefore, 
frequently  customary  merely  to  pass  the  current  through  the  brushes, 
depending  for  adjustment  upon  the  normal  regulation  of  a  rheostat 
placed  in  the  field  circuit.  In  Fig.  321  is  given  the  curve  of  pres- 
sure at  the  station  end  of  a  feeder  in  the  Brooklyn  Edison  Station, 
as  obtained  from  Mr.  Barstow's  experiments,  recorded  in  the  EUc- 
trical  Engineer.  It  is  further  shown  that  the  cost  of  transmitting  a 
current  of  800  amperes  over  a  distance  of  about  two  miles,  by  means 
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of  the  compensator,  averaged  about  S4.32  per  day  for  the  winter 
months,  and  fS.OO  per  day  for  the  summer  months.  In  the  diagram, 
the  energy  added  by  the  compensator  is  clearly  represented,  as  indi- 
cated by  the  varying  pressure  delivered  to  the  feeder.  The  constant 
in  this  diagram  is  one  volt  drop  to  every  7.82  amperes. 

628.  The  compensator  method  has  recently  been  still  further 
developed  by  Messrs.  Barstow  and  Mailloux  in  the  Brooklyn  Edison 
station.  Here  the  service  conditions  are  found  to  be  such  as  to 
require  the  station  to  supply  three  different  voltages.  To  operate 
sufficient  independent  dynamos  to  supply  the  three  voltages  would 
require  too  large  a  plant,  and  would  not  be  conducive  to  good  sta- 
tion economy.  The  solution  of  the  problem  is  diagrammatically 
indicated  in  Fig.  322. 
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The  station  is  supplied  with  three  sets  of  omnibus  bars,  one  for 
high  pressure,  one  for  normal  pressure,  and  one  for  low  pressure. 
By  appropriate  switches,  any  feeder  or  set  of  feeders  may  be  con- 
nected to  any  set  of  omnibus  bars.  Normally,  the  dynamos  of  the 
station  represented  by  BB  are  connected  to  the  main  bus  bars, 
furnishing  220  volts  on  a  three-wire  system.  For  the  high  and  low 
pressure  service,  two  sets  of  compensators  are  provided,  C  and  C* 
being  the  low  pressure  compensators,  while  C  and  C  are  the  high 
pressure  machines.  The  entire  compensator  plant  is  so  mounted  as 
to  be  driven  from  the  dynamo  C,  that,  receiving  power  from  the 
main  omnibus  bars,  acts  as  a  motor.  When  it  is  desired  to  raise  the 
pressure  of  any  feeder,  the  machines  C  and  C,  driven  by  C,  operate 
as  dynamos  supplying  the  desired  additional    energy.     When  it  is 
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desired  to  reduce  the  pressure,  C  and  C*  operate  as  motors,  absorb- 
ing a  certain  amount  of  energy  and  depressing  ttie  potential.  By 
this  means  the  main  generators  are  run  at  such  a  pressure  as  is 
found  suitable  for  the  majority  of  distributing  centers,  while  the 
pressure  to  the  long  feeds  may  be  re-enforced,  and  that  in  the  short 
feeds  diminished.  The  beauty  in  the  device  is  the  ability  to  change 
the  pressure  in  any  set  of  feeds,  without  interrupting  the  service. 
This  is  accomplished  by  a  pair  of  auxiliary  omnibus  bars  A*  and  A*, 
to  which  any  feeder  may,  for  the  time  being,  be  transferred.  By 
means  of  the  rheostats  E  and  E"  the  pressure  in  the  feeder  after 
transference  is  raised  or  lowered  to  that  corresponding  to  the  high 
or  low  omnibus  bars.  The  feeder  is  then  again  transferred  to  either 
the  high  or  low  bar,  the  whole  operation  being  accomplished  without 
the  slightest  interruption.  The  connections  in  the  diagram  are  so 
obvious  as  to  render  further  explanation  unnecessary. 

634.  The  Compensator  In  EQeotrio  Railw^ay  Work.  —  The  ap- 
plication of  the  compensator  to  electric  railway  circuits  has  recently 
been  made  by  J.  H.  Vail,  in  the  construction  of  a  road  from  Pough- 
keepsie  to  New  Hamburg.  The  power  station  is  at  Poughkeepsie, 
and  is  located  centrally  with  reference  to  some  ten  miles  of  track 
extending  through  the  streets  of  that  town.  A  spur  line  runs  due 
south  connecting  the  towns  of  Wappinger  Falls  and  New  Hamburg, 
a  distance  of  over  ten  miles.  To  avoid  the  excessive  amount  of  cop- 
per that  a  line  of  this  length  would  require,  under  the  usua!  design  of 
street  railway  circuits,  a  compensator  is  introduced  in  the  station, 
that,  by  means  of  two  No,  0000  feed  wires,  carries  the  necessary  cur- 
rent to  a  distributing  center  eight  miles  south  of  the  power  station, 
thus  supplying  this  section  of  the  system,  with  the  employment  of  a 
very  small  amount  of  conducting  material  in  the  overhead  line. 

6S5.  Knowing  the  cost  of  building  the  feeder  system,  the  cost 
of  compensator  and  of  operation,  it  is  a  simple  matter  to  substitute 
these  values  in  the  equations  given  for  feeder  calculations,  and  ascer- 
tain the  relative  economy.  Under  ordinary  circumstances,  Mr.  Vail 
shows  that  for  a  plant  delivering  200  amperes  at  600  volts,  the  com- 
pensator system  requires  less  initial  capital  investment,  when  the 
distance  to  which  the  current  is  transmitted  exceeds  from  two  and 
one-half  to  three  miles,  and  that  the  operating  expense  is  decreased 
when  the  distance  exceeds  one  and  one-half  miles. 
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638.  As  the  capital  absorbed  by  the  feeder  system  designed  to 
laintain  a  constant  potential  varies  as  the  square  of  the  distance 
ver  which  the  current  is  delivered,  while  the  cost  of  the  compensa- 
ir  varies  directly  as  the  distance,  it  is  evident  that  great  economy 
lay  be  effected  by  this  means,  in  long  distance  transmission. 

627.  The  compensator  also  adds  great  flexibility  to  the  railway 
ystem.  It  is  usually  necessary  to  introduce  a  large  amount  of  cop- 
per in  the  feeder  system  to  provide  for  emergencies,  such  as  excur- 
sions, etc.,  or  for  unusual  bunching  of  cars  at  particular  points.  By 
the  aid  of  the  compensator,  the  feeder  system  may  be  designed  for 
normal  traffic  only,  and  by  means  of  a  switchboard,  the  extra  pressure 
delivered  by  the  compensator  applied  to  the  various  sections  of  the 
line,  as  occasion  may  from  time  to  time  require.  A  similar  advan- 
tage appears  in  the  ability  to  meet  the  load  changes  in  a  distributing 
system  during  the  daily  variation  of  traffic  If  the  circuit  is  calcu- 
lated for  the  hours  of  greatest  business,  the  copper  employed  is  par- 
tally  idle  during  a  greater  proportion  of  the  time ;  while,  if  the  circuit 
is  arranged  for  the  average  business,  it  will  not  carry  the  maximum 
loading.  To  build  the  line  for  average  work,  and  to  put  the  compen- 
sator into  service  upon  the  system  morning  and  evening,  and  on 
holidays,  is  an  economical'  solution  of  the  problem. 

028.  Fall  of  Freaaore  and  Neoeasary  Seotion  in  the  Feeders.  — 
The  pressure  at  the  centers  of  distribution,  where  the  feeder  joins  the 
network,  being  maintained  constant  by  some  form  of  regulator  placed 
at  the  station  in  the  feeder  circuit  under  the  control  of  the  station 
attendants,  the  loss  of  pressure  in  the  feeder  is  not  a  factor  in  the 
supply  condition  of  preserving  a  constant  potential  at  every  consumer. 

Let  S  be  the  cross-section  of  one  main. 
L  be  the  length. 
/  be  the  current. 
p    be  the  specific  resistance  in  any  desired  units,  as  the  mil-foot, 

square-inch-mile,  square-millimeter- kilometer,  etc 
V  be  the  potential  at  the  generator. 
*    be  the  potential  at  the  center  of  distribution. 


Then  V  —  v'm  the  loss  in  the  feed,  and  - 
v-^  —  IbIl 
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P  must  be  given  such  a  value  as  will  be  cognizant  of  the  final  tem- 
perature to  be  attained  by  the  conductor. 
029.    Solving  now  for  5  — 

S  =  -^.  (226) 

From  this  expression  the  area  of  either  the  feeds  or  the  distribut- 
ing-mains may  be  calculated,  in  so  far  as  the  variation  in  pressure  is 
considered  to  be  the  governing  condition. 

For  a  three-wire  system,  let  Fig.  323  represent  the  feeders,  Vv 
and  V"i/'  the  outer  mains,  while  f  V  is  the  neutral  wire. 
Let  V,  V,  and  V"  represent  the  respective  pressures  at  the  generators. 

V,  if,  and  tf  the  pressure  at  the  center  of  distribution. 

I,  y,  and  /"  the  respective  currents,  S  the  sectional  area  of  the  outer 
main,  and  5'  the  area  of  the  neutral,  the  remaining  symbols 
retaining  the  preceding  meaning. 


Fit-  f^S.    Olaaram  for  Fall  of  Pritaurt  In  Ftiitn. 

Then  V  —  V  and  V  —  V"  are  respectively  the  differences  in 
pressure  between  the  outer  mains  and  the  neutral  wire  at  the  genera- 
tors, and  V  —  if  and  if  ~  i/'  are  the  corresponding  differences  at  the 
center  of  distribution.     Then  the  drop  along  Vv  is  — 

(>-_  r)-(t.-^-,z(Z+i=/l)  (227) 

and  along  f"  v"  — 

(  V'  -  V")  -  {1^  -Tf')  =  pZ{^-  ^^^}  ■  (228) 

eso.  In  the  best  designed  three-wire  systems,  it  is  customary  to 
make  the  area  of  the  neutral  conductor  equal  to  one-half  of  the  area 
in  either  of  the  outer  conductors.  Assuming,  then,  that  the  greatest 
inequality  in  the  balance  between  the  two  sides  of  a  three-wire  sys- 
tem is  2/  per  cent  of  the  maximum  load,  the  current  in  the  outer 
main,  having  the  lightest  load,  will  evidently  be  /  (100  — /),  and  in 
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the  outer  main  with  the  heavy  load,  /  (100  +  /),  and  the  current  in 
the  neutral  wire  will  be/  /;  /  being  expressed  in  percentage.  The 
value  to  be  assigned  to  /  will  vary  greatly,  depending  upon  the  care 
exercised  in  the  balancing  of  the  load  on  the  two  sides  of  the  system. 
Good  practice  indicates  the  advisability  of  placing  one-half  the  load 
of  each  consumer  on  each  side  of  the  mains.  If  this  is  skillfully  done, 
it  is  rarely  that  the  want  of  balance  will  rise  above  5  or  10  per  cent. 
When  this  arrangement  is  conscientiously  carried  out,  it  is  impossibe 
for  the  load  on  the  neutral  wire  to  rise  above  50  per  cent  of  the  entire 
load  of  the  whole  plant ;  for,  even  in  the  extent  of  the  failure  of  one 
of  the  main  conductors,  half  of  the  total  load  on  the  plant  would  be 
thrown  off,  and  therefore  the  neutral  wire  could,  even  under  the  most 
extraordinary  circumstances,  only  be  called  upon  to  carry  one-half  of 
the  total  current  for  which  the  conducting  system  is  designed.  From 
experience/  has  been  found  to  vary  from  5  to  25  per  cent  for  installa- 
tions skillfully  designed.  In  the  St.  James  station  in  London,  work- 
ing under  a  maximum  output  of  some  3,000  amperes,  the  variation  in 
balance  rarely  exceeds  7  per  cent. 

esi.  To  determine  the  necessary  section  for  the  outer  conductor 
of  a  three-wire  system,  let  q  =  the  relative  area  of  the  outer  and 
neutral  wires,  then,  from  what  precedes,  — 

/  \  '■■'^'^ 


!-+»   2" 


(229) 


From  this  expression  it  may  be  observed  that  if,  in  imagination,  the 
resistance  of  the  outer  conductor  be  increased  in  the  proportion  of 
1  +fiq  to  1,  the  neutral  wire  may  be  omitted  from  the  calculation, 
and  designs  made  as  if  it  did  not  exist. 

682.  The  Laws  of  Economy  in  Feeder  Desiea.  —  In  transmis- 
sion parlance,  the  word  feeder  is  broadly  applied  to  any  conductor  in 
which  the  current  density  at  any  particular  time  is  uniform  at  each 
point  of  the  entire  length  of  the  conductor,  no  matter  what  the  varia- 
tions in  density  may  be  that  occur  between  successive  time  intervals. 
In  other  words,  a  feeder  is  such  a  conductor  as  carries  for  the  time 
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under  consideration  a  uniform  current  between  two  fixed  points. 
The  current  in  the  feed  may  vary  from  time  to  time,  but  it  does  not 
vary  with  the  length  of  the  circuit.  In  the  simplest  case  of  a  series 
circuit,  a  constant  current  is  always  maintained  throughout  the  entire 
length  of  each  conductor,  the  only  variable  being  the  length  of  time 
during  which  the  current  acts. 

688.  While  it  is  conceivable  that  a  series  circuit  might  operate 
with  currents  of  different  intensity  from  day  to  day,  yet  such  condi- 
tions have  not  been  put  into  practice,  and  the  time  element  is  the 
only  variable.  Knowing  the  respective  costs  of  the  line,  the  station, 
and  the  production  of  energy,  and  the  interest  and  depreciation 
charged  on  the  plant,  the  method  of  ascertaining  the  most  economical  ' 
cross-section  for  the  conductor  has  been  indicated  in  Chapter  XIV. 

034.  In  the  parallel  system,  conductors  are  found  in  which,  by 
reason  of  the  attachment  of  the  receivers  at  different  points,  the  cur- 
rent density  varies  from  point  to  point  along  the  circuit.  By  defini- 
tion, such  conductors  are  excluded  from  the  class  "  Feeders,"  being 
termed  "Distributing- Mains."  As  a  condition  of  good  service,  the 
pressure  must  be  constant  within  very  small  limits,  along  the  entire 
length  of  each  distributing-main.  With  the  feeders,  as  there  are  no 
customers  to  be  supplied,  the  pressure  may  vary  from  point  to  point 
to  any  extent,  so  long  as  the  desired  voltage  is  given  to  the  distrib- 
uting main  at  the  point  of  attachment  to  the  feeder.  The  current, 
however,  is  constant  from  point  to  point.  Two  diametrically  opposite 
conditions  prevail  in  these  two  classes  of  conductors.  In  the  feeder 
the  current  is  constant  and  the  pressure  varies.  In  the  distributing 
main  the  pressure  must  be  uniform  while  the  current  varies.  With 
the  feeder,  then,  there  are  no  service  limitations  upon  the  variation  in 
potential,  and  consequently  the  dictates  of  economy  may  be  closely 
followed  in  the  design  of  this  part  of  the  circuit.  By  multiplying  the 
number  of  feeds,  the  length  and  size  of  the  distributing-mains  may 
be  reduced  to  a  minimum,  and  thus  the  greater  proportion  of  the 
plant  brought  under  the  operation  of  economical  law. 

Each  feeder  receives  at  one  end  energy  from  the  generat- 
ing-station  in  the  form  of  current  under  a  predetermined  pressure, 
and  delivers  at  the  other  end  a  less  amount  of  energy,  owing  to 
inevitable  losses  in  transmission.  Therefore,  in  every  transmission 
problem  the  following  quantities  must  be  dealt  with,  any  or  all  of 
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w'  ^iiay  be  variable;  and  it  is  now  necessary,  under  the  circum- 

s'  of  each  case,  to  ascertain  the  most  economical  disposition  of 

the  material  employed  in  the  conductor  system,  due  consideration 
being  given  to  the  commercial  aspects  of  both  the  generating  and  the 
receiving  station. 

Let  V    ^  the  pressure  at  the  receiving  end  of  the  feeder. 

V     =  the  pressure  at  the  delivering  end  of  the  feeder. 

W  =  the  power  given  to  the  receiving  end  of  the  feeder. 

w    =  the  power  obtained  at  the  delivering  end  of  the  feeder. 

/    =  the  current  in  amperes. 

S    =  the  cross-section  of  the  feeder. 

£    ■=  the  length  of  the  feeder  in  any  units. 

p     =•  the  resistance  per  unit  of  length  (such  as  the  mil-foot). 
686.    The  values  of  L  and  p  are  always  determined  by  the  geo- 
graphical conditions  and  the  selection  of  the  conductor,  and  are  then 
fixed  for  each   plant.      Between  the  other  variables   the  following 
relations  exist : 


V~v=t 


ILp 


iV=  VI; 


=  vl\ 


so,  if  any  two  of  the  above  first  six  variables  are  given,  a  single 
additional  relation  prescribed  by  economic  law  serves  to  fix  the  value 
of  the  remaining  four. 

680.  Between  six  variables  fifteen  combinations,  two  at  a  time, 
can  be  made.  When'applied  to  feeder  design,  some  of  these  com- 
binations are  mere  repetitions  of  each  other ;  others  have  no  practi- 
cable bearing,  but  there  are  eleven  cases  which  the  engineer  may  be 
called  on  to  consider.     These  may  be  stated  as  follows  :  — 


Cam  No. 

GlVMK. 

KiQumiD. 

Casi  No. 

G.v.«. 

RiqulMD. 

V,v. 

/,  W.  a.  S. 

7 

V.S. 

('.  /.    W.  w. 

p,  (T,  w.  S. 

S 

V,  1.  W.  S. 

9 

y,  o,  /,  s. 

10 

11 

V,    W. 

^-,  /,  w.  s. 

687.     Each  of  these  cases  is  now  to  be  considered  in  detail,  and 
for  convenience  the  following  notation  is  employed  :  — 
J        =  "X  +  bS,  equation  of  cost  of  line  per  unit  of  length. 
y      =1  y  -f-  /fS,  equation  of  cost  of  installing  line  per  unit  of  length. 
■£  (j  ■¥>')  or  ^  [(o  +  ^-S)  +  («'  +  *'-S)]  =  total  cost  of  line. 
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i        =  rate  of  interest  in  per  cent  charged  against  entire  cost  of  plant. 

di       =  rate  of  depreciation  in  per  cent  charged  against  cost  of  line. 

d,  »  rate  of  depreciation  in  per  cent  charged  against  cost  of  conduit 
or  poles. 

d,      =  rate  of  depreciation  in  per  cent  charged  against  cost  of  station. 

Ji"       =  number  of  hours  that  the  plane  operates  per  annum. 

JC       =  cost  in  dollars  of  operating  per  watt  or  K.  IV.  of  output. 

K'  =  cost  in  dollars  of  station  equipment  per  watt  or  K.IV.  of 
output. 

A       =  price  in  dollars  received  per  watt  or  K.  W.  of  energy  delivered. 

U'  «=  cost  of  energy  expended  in  the  line.  The  line  resistance  is 
pL  I S,  /  amperes  flow  tor  /"  hours,  hence,  pLPFj  S  watts 
are  expended,  and  the  cost  of  this  is  pLPFKjS.  The  cost  of 
station  required  to  produce  this  energy  is  pLPK' j  S,  and  the 

interest  and  depreciation  on  this  sura  is  -^ — r- —  (/  +  d,} ; 

hence,  the  total  cost  of  the  energy  expended  in  the  line,  is 

c/'^-^LJ'Jir  +  ^'ii  +  d.)}. 

To  simplify,  let    X  =  pZ/»  [/X"  +  A"  (/  +  rf^] ; 
then,      U'^kjS.      Also,  let      io  =  pLlFK  +  K' {i  ■\- d,)'\; 
then,      U  '=  w/'  /  S. 
U"    =  annual  charge  against  the  line  for  interest  and  depreciation. 

V  =L  \Sfl  +  bS)  (/  +  rf,)  +  (y  +  yj)  (,■  +  rf,)]. 

To  simplify,  let 

a  =  Z[a(.+rf,)+<i'(/  +  rf.)]     and     ;3  =  Z  [^O"  +  rf.) + 

^  ('■  +  rf,)] ; 

then,     U"  =  a  +  0S. 

U     =£/'+£/"  =  A  +  a  +  j8.S  =  total  annual  cost  of  line. 

VIF  =  W  =  total  power  produced. 

VI  [FK  +  K'  (»"  +  rf,)]  =  total  annual  cost  to  produce  W\   also  let 
Z       =  total  annual  cost  to  produce  W. 

To  simplify,  let     y  =  \FK  +  K'  (i  +  d,)]  ; 
then,     Z  =  y/y. 
G      "  gross  annual  expense  =  Z  +  "  +  &S,    or     Vly  +  a  +  ^S,  or 
Z  +  U",     or     Vly  +  U". 

To  simplify,  let     f  =  VI,  and  8  —  I^pL ; 
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Aw    ^  annual  income  =  FA 

688.    Case  I,  —  Given  V  andv,  required  I,  W,  w,  and  S. 

As  V  and  v  are  the  given,  the  ratio  of  the  energy  received  by 
the  feeder  to  that  delivered  by  it  is  fixed.  It  is  also  evident  that 
the  cost  of  the  line,  station,  and  operation  (per  unit  of  energy  trans- 
mitted) decreases  as  the  total  output  increases.  Thus,  there  will  be 
no  one  value  of  current  and  conductor  section  that  will  give  the 
maximum  economy ;  but  the  greater  the  current  and  section,  the  less 
will  be  the  expense  per  unit  of  energy  distributed.  The  size  of  the 
conductor  will  depend  upon  the  demand  for  current  at  the  receiving- 
station  ;  and  the  larger  this  is,  the  greater  the  economy. 

The  smallest  section  under  the  limiting  values  Fand  v,  consist- 
ent with  safety,  should  be  employed.  As  a  corollary,  it  must  always 
be  considered  whether  there  is  sufficient  demand  at  the  receiving- 
end  to  pay  for  the  transmission  of  current ;  for  it  is  evident  that  the 
values  (^and  v  might  be  so  limited  that  not  enough  current  could  be 
sold  to  pay  for  the  cost  of  production  and  transportation. 

639.     Case  II.  —  Given  V  and  I,  required  v,  W,  w,and  S. 

Under  the  circumstances,  V!  =  W,  thus  fixing  one  of  the  desired 
variables.  If  it  be  assumed  that  there  is  a  market  for  all  the  energy 
the  circuit  can  deliver,  it  is  evident  that  the  most  economical  section 
is  that  which  will  make  the  ratio  of  the  gross  annual  income  to  the 
gross  annual  expense  a  maximum. 

Gross  income    =Aw  =  Fa(v/~  ^  j  -FA{t  —  ^\ 

Gross  expense  =  Z  +  o  +  05 ; 

-(-I) 

must  be  a  maximum ;  this  will  occur  when  — 


ffS  +  Vj^S*  +  ff«8Z  +  ff«fa 


(230) 


640.     Case  III.  —  Given  V  and  w,  required  v,  I,  W,  and  S. 
The  pressure  at  the  receiving-end  of  the  feeder,  and  the  quan- 
tity of  energy  delivered  at  the  delivering-end,  are  predicated ;  and 
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the  most  economical  section  is  that  for  which  the  cost  of  the  energy 
expended  in  the  line,  plus  interest  and  depreciation,  is  a  minimum,  or 
U'  +  U"  must  be  a  minimum,  and  also  — 

VI~^^^v>.  C231) 

By  the  original  condition,  — 

t^=^  +  a  +  j85.  (232) 

From  equation  (281),  — 

substituting  this  value  in  equation  (282),  — 


(334) 


differentiating  and  equating  to  0,  — 

Having  found  the  value  of  /,  5  is  obtained  by  direct  substitution  in 
(288). 

041.     Case  IV.  —  Given  V  and  S,  required  v,  I,  W,  and  w. 

As  the  pressure  and  section  are  given,  it  is  evidently  necessary 
to  ascertain  /  to  meet  the  economic  conditions.  The  ratio  of  the 
gross  income  to  gross  expense  must  be  a  maximum ;  for  if  it  be  at- 
tempted to  make  U'  +  U"  a  minimum,  U'  will  become  0  when  /  is 
0,  but  U"  will  remain  unchanged.  When  /  is  0,  there  is  no  income, 
and  there  is  expense  without  income,  and  the  above  ratio  would  be  0, 
and  not  a  maximum. 

/               I*^T  \ 
Gross  income  is  Aw  =  FA  \VI ^  1 . 

Gross  expense  is  Z  ■\-  U"  \ 

must  be  a  maximum.     This  will  occur  when  — 
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to  build  a  model  network  of  wire  of  reduced  gauge  to  correspond  in 
resistance  to  the  scale  of  the  map ;  and  then,  by  supplying  the  net- 
work so  designed  with  a  battery  current,  and  measuring  the  fall  of 
potential  in  various  spots  by  means  of  a  voltmeter,  to  make  the 
determination  of  the  location  of  the  central  station,  the  size  of  the 
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feeds  and  distributing-mains,  and  the  fall  of  pressure  at  various 
points,  entirely  in  an  experimental  manner.  For  very  large  plants, 
and  those  presenting  peculiar  complexities,  a  practical  method  of  this 
kind  has  certain  advantages,  especially  as  the  model  may  afterward 
be  preserved  as  a  facsimile  of  the  conducting  system  ;  and  may,  from 
time  to  time  in  the  future,  be  used  to  afford  means  of  solving  prob- 
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lems  relative  to  the  addition  or  extensions  to  the  conducting  system, 
or  the  introduction  of  new  customers.  Such  a  method  is,  howevef, 
usually  considerably  slower  and  more  expensive  than  the  analytical 
one ;  and  erroneous  deductions,  due  to  imperfections  in  the  scale 
ratios,  are  likely  to  be  serious.  To  determine  the  point  of  greatest 
drop,  a  method  embracing  a  mechanical  application  of  the  principle 
of  moments  is,  however,  rapidly  and  accurately  available. 

688.  Suppose  a  scale-beam  to  be  arranged  as  shown  in  Fig.  328, 
with  the  supporting  pivot  at  the  center,  the  length  of  the  scale-beam 
L  and  L'  at  either  side  of  the  pivot  being  so  arranged  as  to  corre- 
spond, on  any  desired  scale,  to  the  length  of  the  street  between  the 


distributing<enters  under  consideration.  Between  the  points  a  and 
f,  on  the  left-hand  side  of  the  pivot,  arrange  scale-pans  at  distances 
to  correspond  to  the  consumers'  frontage  along  the  street.  Arrange 
a  corresponding  set  of  scale-pans  upon  the  right-hand  side  of  the 
pivot  in  the  same  order  as  those  indicated  in  the  left-hand  side,  and 
balance  the  beam.  In  each  of  the  scale-pans  on  the  left-hand  side, 
place  weights  corresponding  to  the  amounts  of  current  required  by 
the  respective  customers.  Now  remove  the  weights  from  a,  and 
place  them  in  the  corresponding  pan  on  the  right  hand  of  the  sup- 
porting pivot.  Continue  this  operation  until  the  scale-beam  again 
balances  about  the  center  pivot.  Suppose,  when  equilibrium  is  ob- 
tained, the  weights  in  the  scalepans  A,  C,  and  D  have  been  removed 
from  the  left-hand  side  of  the  lever,  and  have  been  placed  upon  the 
right-hand  side,  the  interpretation  of  this  result   means  that   the 
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point  of  lowest  pressure  is  located  at  a  distance  from  a  equal 
to  ae. 

eee.  It  sometimes  occurs  that  equilibrium  can  be  obtained  only 
by  dividing  the  weight  in  one  of  the  scale-pans.  Thus,  for  example, 
supposing  all  of  the  weights  in  A,  C,  and  D  to  be  removed  to  the 
right-hand  side  of  the  lever,  and  one-half  of  the  weight  in  E.  It  is 
evident,  under  these  circumstances,  that  the  point  of  lowest  potential 
is  at  the  point  e,  and  that  one-half  of  the  current  supplied  to  e  comes 
from  a  and  one-half  from  / 

670.  Station  Loads.  —  The  behavior  of  a  central  station  under 
the  load  thrown  upon  it,  and  a  study  of  the  variation  in  the  loading 
due  to  business  emergencies,  form  one  of  the  most  interesting  and 
attractive  of  investigations  for  the  electrical  engineer.  This  exami- 
nation is  chiefly  attractive  to  the  central  station  designer  ;  the  results 
of  the  investigation  of  station-loading  being  valuable  in  the  solution 
of  transmission  problems,  only  as  they  afford  means  of  determining 
the  probable  loads  and  variation  in  loading  to  which  the  circuit  will 
be  submitted.  In  the  elucidation  of  this  part  of  the  problem,  experi- 
ence is  the  only  guide.  As  an  exponent  of  the  loading  to  which  the 
central  stations  in  urban  districts  may  reasonably  expect  to  be  sub- 
mitted, the  curves  given  in  diagrams  Nos,  1  to  17  inclusive,  Fig.  329, 
are  presented.  The  curves  numbered  from  1  to  12  inclusive  are  the 
average  monthly  curves  obtained  from  the  operation  of  St.  James 
Station  in  London ;  they  are  exhibited  by  the  London  Electrician  as 
sample  curves,  giving  a  fair  indication  of  the  monthly  output  of  the 
St.  James  Station  during  the  period  of  a  year.  In  each  curve  the 
horizontal  axis  to  a  scale  of  sixteen  hours  to  an  inch  represents 
the  hours  of  the  day,  while  the  vertical  axis  represents  1,600  am- 
peres to  the  inch.  The  heavy  line  in  each  of  the  diagrams  indicates 
the  current  output  for  each  hour  of  the  day  in  one  main  conductor, 
while  the  dotted  line  gives  the  current  flowing  through  the  other 
wire,  requiring  an  algebraical  summation  to  give  the  total  station 
output ;  the  departure  of  the  dotted  line  from  the  full  line  fairly 
represents  the  amount  of  unbalance  to  which  the  plant  was  sub- 
jected. An  examination  of  all  of  the  curves  reveaJs  a  close  fam- 
ily resemblance  existing  between  them.  In  every  instance  the 
quantity  of  current  slowly  increases  from  5  a.m.  to  about  3  p.m. 
From  this  time  until  from  5  to  9  p.m.  the  current  rises  sharply, 
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usually  attaining  a  maximum  value  between  the  hours  7  and  9, 
the  variation  in  the  maximum  having  its  origin  in  the  varying 
length  of  the  days  from  month  to  month.  The  total  Board  of 
Trade  units  delivered  by  the  station  is  indicated  upon  each  dia- 
gram. From  January  to  August  the  station  output  regularly  de- 
creases, attaining  a  minimum  in  August.  The  minimum  current 
at  this  time  is  not  only  due  to  the  greater  length  of  days,  but  is 
also  owing  to  vacation  absence  during  the  month  of  August  of  the 
greater  part  of  the  business  population.  If  the  current  curve  fol- 
lowed strictly  the  relation  between  the  lengths  of  day  and  night, 
<  the  minimum  would  evidently  occur  in  the  early  part  of  July,  in- 
stead of  August.  In  September  and  October  the  current  output 
increases  toward  a  maximum  more  rapidly  than  the  decrease  oc- 
curred in  the  earlier  part  of  the  season,  indicating  a  resumption 
of  business  in  September.  The  curves  for  November  and  Decem- 
ber are  very  nearly  alike  in  output,  showing  that  the  maximum 
demand  is  thrown  upon  the  station  a  little  earlier  than  the  occur- 
rence in  the  shortest  days  of  the  year ;  for  it  is  a  noticeable  fact 
that,  although  the  actual  length  of  the  day  is  a  minimum  in  De- 
cember, the  amount  of  cloudy  weather  which  occurs  in  the  latter 
part  of  October  and  November  makes  a  greater  proportional  de- 
mand for  light  in  these  two  months.  ■  Diagram  No.  13  is  exhibited, 
showing  the  remarkable  fluctuations  and  extraordinary  demand  on 
the  station  due  to  exceedingly  stormy  and  foggy  weather.  Here 
the  maximum  current  output  occurred  between  the  hours  of  3  and  5 
in  the  afternoon,  instead  of  between  5  and  7,  as  in  the  normal  De- 
cember curve ;  the  output  in  this  case  being  nearly  S,000  units 
against  the  normal  December  output  of  4,800,  nearly  doubling  the 
demands  upon  the  station. 

In  diagram  No.  14  a  summary  of  the  year's  work  is  given  by 
plotting  the  output  of  each  month.  Here  the  vertical  axis  indicates 
the  station  output  at  the  rate  of  8,000  units  per  inch,  while  the  hori- 
zontal axis  is  at  a  scale  of  8  months  to  the  inch. 

671.  In  diagrams  Nos.  15, 16,  and  17  are  represented  the  curves 
obtained  from  the  Cincinnati  Edison  Station,  the  Boston  Edison 
Station,  and  the  Brooklyn  Edison  Station.  All  of  these  bear  a  strik- 
ing similarity  to  the  London  curves,  exhibiting,  however,  some  local 
peculiarities.      In  the  diagrams  from  Cincinnati  and  Boston,  the 
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leater  load  brings  a  noticeable  elevation  into  the  curve  at  eight 
clock  in  the  evening.  In  Brooklyn  a  similar  rise  of  current  may 
so  be  noted,  but  this  is  much  smaller  in  comparison  than  in  the 
reviously  mentioned  cities.  This  is  owing  to  the  greater  propor- 
on  of  residence  population  in  the  district  served  by  the  Brooklyn 
tat  ion. 

873-    A  Study  of  station  load  curves  affords  to  the  designer  the 
est   indication  of  the  amount  of  load  thrown  on  the  conductor  sys- 
em,  from  which  a  deduction  of  the  anjount  of  current  and  the  time 
f  flow  can  be  most  accurately  made,  for  application  in  the  economi- 
al    formula;.     To  determine  the  mean  annual  current  most  accu- 
ately,  as  great  a  number  of  diagrams  as  possible  should  be  procured 
rom  the  station  under  consideration,  or  from  one  as  nearly  similar 
o  it  as  practicable.     If  it  is  possible  to 
)btain  the  daily  load  curve  for  a  year,  an 
iccurate  determination  of  the  constants 
nay  be   made.      Professor  Patterson  of 
Michigan  has  indicated  an  extremely  in- 
genious method  for  the  solution  of  this 
problem,  which  may  be  best  illustrated 
by   applying   his    process    to   the  deter- 
mination of  the  amount  of  mean  output 
of  the  St.  James  Station.     Assuming  the  n^.  mo. 

curve  of  annual  output  as  indicated  in  0%™"  w  tnwnin  «•»  4nm«i 
diagram  No.  14,  draw  a  circle,  Fig.  330, 

having  a  radius  equal  to  the  greatest  ordinate  of  this  curve,  and 
subdivide  the  circle  into  twelve  equal  parts,  by  drawing  radii  to 
the  circumference  at  the  points  Ja,  Fb,  Ma,  Ap,  My,  Jn,  Jy,  Au, 
Sp,  Oc,  Nv,  and  Dc,  each  corresponding  to  a  monthly  ordinate  in 
^^o.  14,  Upon  each  of  the  radii  lay  off,  from  the  center  of  the  circle 
outward,  a  distance  equal  to  the  ordinates  of  the  curve  in  diagram 
No.  14.  By  connecting  all  of  these  points  an  area  will  be  obtained, 
which  is  indicated  by  the  shading  in  Fig.  330.  Find  the  area  of  this 
shaded  curve  by  means  of  a  planimeter,  and  then  find  the  radius  of  a 
circle  corresponding  in  area  to  the  area  of  the  shaded  portion.  The 
radius  of  this  circle  will,  to  the  scale  selected  for  the  original  circle, 
and  corresponding  to  the  monthly  load  diagram,  be  the  amount  of 
the  mean  annual  output ;  for,  evidently,  each  elementary  area  of  the 
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shaded  figure  is  proportional  to  the  square  of  the  radius  vector.  In 
the  illustration  given,  the  circle  corresponding  in  area  to  the  shaded 
figure  is  given  by  a  dotted  line,  the  radius  of  which  is  .42".  Diagram 
14,  Fig,  329,  is  8,000  units  per  inch,  consequently  the  mean  annual 
output  of  the  St.  James  Station  would  be  8,000  x  .42  —  3,360  units. 

678.  Algebraically  the  same  result  may  be  arrived  at  by  finding 
from  the  load  diagrams  the  maximum  current  output,  and  then  ascer- 
taining the  relative  lengths  of  time  that  the  plant  operates  under 
different  fractions  of  maximum  load,  say  at  intervals  of  5  per  cent, 
from  5  per  cent  to  100  per  cent.  Then,  by  multiplying  the  number 
of  hours  by  the  square  of  the  percentage  time  operation,  and  extract- 
ing the  square  root  of  the  sum,  the  square  root  of  the  mean  square 
of  the  annual  current  is  obtained, 

674.  Aro-Iifuiips  on  Constant  Potential  CirouitB.  —  For  every 
purpose  excepting  that  of  arc-lighting,  the  constant  potential  circuit, 
from  its  greater  economy,  lower  pressures,  and  greater  flexibility,  has 
received  a  greater  development.  Many  attempts  have  been  made  to 
operate  arc-lamps  upon  constant  potential  circuits ;  but  the  variation 
in  the  voltage  of  the  circuit,  together  with  the  necessity  of  the  intro- 
duction of  large,  wasteful  resistances,  has  prevented,  until  recently, 
the  wide  adoption  of  this  practice.  Successful  lamps  now,  however, 
are  constructed  to  operate  upon  constant  potential  circuits,  and  the 
number  of  these  installations  is  now  very  rapidly  increasing.  Lamps 
are  arranged  across  the  constant  potential  mains  of  a  110  volt  circuit, 
by  placing  either  two  or  three  lamps  in  series.  In  the  case  of  two 
lamps  in  series,  each  tamp  would  operate  at  from  40  to  45  volts, 
thus  consuming  from  80  to  90  volts  out  of  the  possible  110  volts. 
Under  these  circumstances,  from  20  to  30  volts  would  be  lost  in  the 
necessary  wasteful  resistance,  to  be  inserted  in  series  with  the  lamps. 
In  many  cases,  this  amount  of  waste  energy  is  not  a  serious  factor, 
in  a  consideration  of  the  other  advantages  to  be  derived  from  the 
constant  potential  circuits.  The  same  lamps,  however,  may  be  ad- 
justed to  run  on  a  35  volt  arc,  by  means  of  which  three  lamps  may 
be  placed  in  series,  thus  taking  105  volts,  and  necessitating  only  a 
loss  of  5  volts  in  extra  resistance.  In  a  similar  manner,  six  lamps 
may  be  placed  in  series  across  the  outer  mains  of  a  three-wire  cir- 
cuit. The  lamps,  also,  may  be  adjusted  to  take  from  3  to  20  am- 
peres, by  this  means  permitting  a  great  variation  in  the  amount  of 
candle-power  delivered  to  the  consumer. 
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675.  Bleotrioal  Railway  'Wirins-  —  So  far  the  distribution  of 
electrical  energy  under  the  parallel  system  has  been  considered  only 
for  the  case  in  which  the  receivers  and  the  station  were  placed  at 
constant  and  fixed  distances  from  each  other.  A  very  important 
application  of  the  system  has  arisen  in  the  construction  of  electrical 
railways,  in  which  the  receivers  are  constantly  varying  the  distance 
between  themselves  and  the  station.  The  electrical  railway  problem 
is  also  further  complicated  by  the  fact  that  the  load  thrown  upon 
the  station  is  rapidly  varying  throughout  very  wide  limits.  Take  the 
case  of  a  small  road  operating  a  single  car.  It  is  evident  that  at 
each  stop  and  start  of  the  car  the  entire  station  load  will  be  thrown 
off  and  on,  thus  causing  the  station  output  to  vary  from  zero  to  a 
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maximum  many  times  an  hour.  As  more  and  more  cars  are  oper- 
ated, the  station  load  becomes  more  nearly  constant ;  but  even  with 
roads  of  the  largest  capacity,  the  variation  in  the  station  load  is  large 
in  comparison  with  that  thrown  upon  ordinary  lighting  plants. 

In  Fig.  331  is  shown  the  variation  of  station  load  upon  a  road 
carrying  four  cars.  The  curves  here  given  are  by  Messrs.  Herring  & 
Aldrich,  from  a  test  made  upon  the  Navesink  Mountain  Road.  The 
time  during  which  the  measurements  are  taken  covers  a  period  of 
fifty  minutes  ;  and  during  this  short  interval  of  time,  with  four  cars 
in  operation,  the  load  on  the  station  has  rapidly  varied  from  zero 
nearly  to  800  amperes. 

870.  In  Fig.  332  the  load  diagram  of  the  Minneapolis  Street 
Railway  is  shown.     Here  142  motors  were  in  operation,  requiring  an 
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average  current  of  1,168  amperes.  Even  with  this  lai^  number  of 
cars  in  service,  the  station  load  varied  from  600  to  nearly  1,800 
amperes  within  three  hours.     Many  variations  of  400  to  500  amperes 


occurred  within  a  few  minutes  of  each  other.  It  is  plain,  from  an 
inspection  of  these  diagrams,  that  the  demands  on  the  conducting 
system  of  an  electrical  street  railway  are  exceptionally  severe,  ano 
great  precautions  must  be  taken  to  proportion  the  wiring  in  such  a 
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-  as  to  readily  respond  to  the  severest  calls  that  may  be  made 
upon  it. 

677.  In  Fig.  333  the  load  diagram  from  one  of  the  stalitsis  i- 
the  Philadelphia  Traction  Company  is  given  as  an  example  from  a 
large  and  heavily  loaded  road.  Here  the  variation  between  the  niglit 
and  day  load  is  striking,  but  the  effect  of  a  large  number  of  cars  to 
smooth  out  and  even  the  general  line  is  still  more  noticeable.    From 
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these  examples  the  designer  can  gather  a  close  approximation  to  the 
probable  load  line  of  the  plant  under  consideration. 

678.  The  electrical  railway  system  should  be  constructed  upon 
the  feeder  and  main  system  ;  but  it  is  impossible  to  secure  the  advan- 
tage of  connecting  the  distributing-mains  and  feeders  together,  form- 
ing a  network,  for  the  reason  that,  in  order  to  avoid  interruptions  of 
traffic  upon  the  entire  road,  it  is  essential  that  the  trolley  wire  shall 
be  split  into  a  great  number  of  sections,  each  one  of  which  is  inde- 
pendent of  any  and  all  other  sections.  This  precaution  is  necessary 
in  order  to  avoid  shutting  down  the  whole  line  in  case  of  a  short  cir- 
cuit at  any  point.  Should  the  wiring  be  a  continuous  network,  it  is 
evident  that  the  grounding  of  any  portion  will.throw  the  whole  road 
out  of  commission  ;  while,  if  the  trolley  wire  be  subdivided  into  numer- 
ous separately  insulated  sections,  the  accidental  disarrangement  of 
any  one  will  in  no  wise  interfere  with  the  traffic  of  the  road,  excepting 
in  the  section  injured.  For  this  reason,  it  is  customary  to  subdivide 
the  trolley  wire  into  a  number  of  parts,  each  one  of  which  is  entirely 
insulated,  and  provided  with  a  separate  circuit  to  the  station.  Such 
a  form  of  wiring  is  evidently  the  feeder  and  main  system  in  the  sim- 
plest form.  Each  section  of  the  trolley  wire  forms  a  distributing- 
main  that  is  connected  to  the  station  by  means  of  its  appropriate  and 
special  conductor.  To  determine  the  load  diagram  of  an  electrical 
railway,  which  is  an  essential  consideration  in  the  calculation  of  a 
conducting  system,  it  is  necessary  to  ascertain  the  number  of  cars 
which  will  at  any  one  time  be  concentrated  on  any  section  of  trolley 
wire,  and  the  maximum  amount  of  current  to  be  taken  by  each  car. 
To  this  end,  it  is  essential  to  secure  a  plan  and  profile  of  the  road, 
showing  where  the  grades  and  curves  occur,  and  where  the  travel  is 
likely  to  be  a  maximum,  requiring  the  greatest  number  of  stops  and 
starts,  also  where  the  cars  will  be  most  heavily  loaded.  Of  all  the 
-factors  entering  into  the  problem  of  railway  wiring,  the  live  load  in 
the  car  plays  the  part  of  least  importance.  The  difference  in  the 
current  required  by  an  empty  car  and  a  fully  loaded  car  is  but  a  small 
proportion  of  the  current  required  to  start  a  car,  or  move  it  upon 
curves  and  grades.  For  an  ordinary  car  carryii^  two  thirty  to 
fifty  hoTse-power  motors,  an  average  running  current  of  from 
twenty  to  sixty  amperes  is  required.  To  start  the  same  car  upon 
curves  or  grades  will  cause  the  starting  current  to  rise  to  two  or  even 
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three  hundred  amperes  for  a  few  moments.  The  severest  stress 
to  which  the  conducting  system  of  an  electrical  railway  circuit  can 
be  subjected  occurs  in  the  case  of  a  blockade,  when  a  large  number 
of  heavily  loaded  cars  may  be  expected  to  start  almost  simultane- 
ously. It  is  for  cases  of  this  kind  that  the  wiring  of  the  road  should 
be  most  especially  planned,  for  nothing  is  so  detrimental  to  street- 
car motors  as  to  subject  them  to  the  requirements  of  starting  under 
an  excessive  fall  of  potential.  Such  a  stress  as  this  almost  invariably 
injures  the  insulation  of  the  armature,  causing  the  motor  to  sooner 
or  later  bum  out.  It  is,  therefore,  advisable  to  prepare  the  load  dia- 
gram of  each  section  of  the  trolley  wire  with  the  maximum  possible 
current  in  view,  bearing  in  mind  particularly,  that  experience  has 
shown  that  traffic  on  electrical  railway  lines  immediately  increases 
upon  the  introduction  of  the  electrical  system,  usually  indicating  it 
advisable  to  double  or  triple  the  load  which  is,  or  has  been,  carried 
by  otber  forms  of  traction  on  the  same  line.  Having  obtained  the 
load  diagram  for  each  section  of  the  trolley  wire,  the  calculation  of 
the  fall  of  potential  in  a  particular  section  of  trolley  wire  is  an  ex- 
ceedingly simple  matter.  The  calculation  of  feeders  for  each  section 
of  wire  may  be  made  according  to  the  formulae  already  given.  It  is 
usually  advisable  to  extend  the  feeders  to  the  center  of  each  trolley 
wire  section,  and  then  to  branch  the  feeders  longitudinally  along  the 
trolley  wire  for  such  a  distance  as  will  enable  the  feeds  to  supply  the 
required  current  under  the  given  fall  of  potential  clear  to  both  ends 
of  the  section.  While  railway  motors  are  sensitive  to  changes  in 
the  potential,  they  will  bear  a  much  greater  variation  than  incandes- 
cent tamps,  so  it  is  customary  to  design  the  conducting  system  of  an 
electrical  road  to  work  under  a  difference  of  potential  for  an  average 
maximum  current  of  from  50  to  75  volts  on  a  500-volt  circuit.  The 
mean  annual  current  for  a  road  is  so  difficult  to  predict,  previous  to 
the  operation  of  the  line,  that  it  is  exceedingly  hard  to  apply  the 
formulx  for  maximum  economy.  Experience  has  also  shown  that  in 
most  cases  the  most  economical  current  density  requires  the  con- 
ducting system  to  vary  over  too  great  a  difference  of  potential  tr 
enable  the  motors  to  safely  and  successfully  operate.  The  condi 
tions,  therefore,  which  usually  limit  electric  railway  wiring  are  those 
of  the  maximum  allowable  fall  of  pressure,  which  should  never  exceed 
10  to  12  per  cent  of  the  available  voltage  at  the  station.     To  com- 
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sa.te  for  the  drop  in  the  line,  it  is  advisable  to  over-compound  the 
erators  at  the  station,  that,  with  an  increased  demand  upon  the 
ducting  systems,  the  voltage  of  the  generators  shall  rise  in  pro- 
:ion  to  the  demand  upon  the  line,  thus  enabling  a  very  notable 
ng-  in  the  cost  of  the  conducting  system  to  be  made. 
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679.  In  the  description  of  multiple-wire  systems,  it  has  been 
shown  that  economy  in  distribution  can  be  efFected  by  raising  the 
potential  of  the  generator  station,  and  decreasing  the  current  through 
the  conducting  system ;  but,  at  least  in  lighting-circuits,  a  practical 
limit  is  soon  reached  to  the  possible  elevation  of  potential,  by  the 
limited  resistance  of  incandescent  lamps,  and  the  independence  of 
the  various  customers  is  seriously  interfered  with  in  the  attempt  to 
run  several  tamps  in  series,  in  order  to  render  elevated  potential 
available.  Many  attempts  have  been  made  to  render  feasible  distri- 
bution at  high  voltages,  in  order  to  cover  large  areas  without  too 
serious  loss  in  the  conducting  system,  and  without  too  great  an 
expenditure  of  capital  for  the  conductors,  by  means  of  auxiliary 
pieces  of  apparatus,  whereby  a  high  voltage  and  small  current 
supplied  by  the  station  could  be  transformed  and  changed  into  a 
lower  voltage  and  greater  current  for  the  consumer. 

Devices  of  this  kind  have  been  more  or  less  successful,  and 
already  have  attained  so  wide  an  introduction  in  distributing  systems 
that,  while  the  consideration  of  the  various  appliances  used  in  this 
connection  more  strictly  belongs  to  a  discussion  of  station  machinen', 
yet  no  treatise  upon  electrical  distribution  would  be  complete  with- 
out, at  least,  a  limited  reference  to  the  various  systems  that  have 
thus  been  inaugurated. 

680.  Motor  TraDsformera.  —  The  modem  motor  transformer  is 
a  dynamo  machine,  the  armature  of  which  contains  two  circuits  and 
two  commutators.  These  commutators  ar-^  usually  arranged  upon 
opposite  ends  of  the  shaft  extending  through  the  armature,  so  that 
essentially  the  machine  may  be  said  to  be  two  dynamo  machines, 
excited  by  the  same  field  magnets.  The  high  potential  line  from 
the  station  is  brought  to  the  brushes  of  one  of  the  commutators, 
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to  which  the  fine  wire  windings  of  the  armature  are  attached,  and 
the  machine  acts  as  a  motor,  the  armature  rotating  rapidly  between 
the  poles  of  the  fields.  The  field  magnets  are  in  a  similar  manner 
excited  by  the  line  current.  Now,  it  is  evident  that  the  other  set  of 
windings  of  the  armature,  being  rotated  in  a  powerful  magnet  field, 
will  behave  as  a  dynamo  generating  a  current,  that,  flowing  out 
through  the  remaining  commutator,  may  be  used  in  precisely  the 
same  manner  as  a  current  from  any  other  source  of  electrical  energy. 
From  a  study  of  the  principles  governing  dynamo  electric  machinery, 
it  is  known  that  the  voltage  produced  by  a  dynamo  acting  as  a 
generator,  or  absorbed  by  one  acting  as  a  motor,  is  proportional  to 
the  rate  at  which  the  armature  conductors  cut  the  magnetic  lines  of 
the  field.  In  the  case  of  the  motor  generator,  inasmuch  as  the 
armature  runs  in  a  constant  field,  the  voltages  on  the  two  commu- 
tators will  evidently  be  proportional  to  the  number  of  turns  in  the 
respective  halves  of  the  armature.  Thus,  by  making  the  windings 
of  that  portion  of  the  armatures  connected  to  the  line  of  ffne  wire 
and  a  great  number  of  turns,  while  those  on  the  generator  side  are 
of  coarse  wire  with  a  small  number  of  turns,  it  is  perfectly  feasible 
to  transform  the  high  potential  and  small  current  supplied  by  the 
station  line  to  a  low  potential  and  large  current  for  consumers'  use. 
So,  in  cases  where  distribution  is  required  over  a  very  large  area,  it 
is  possible  to  design  the  main  source  of  supply  to  distribute  a  small 
current  of  a  few  amperes  at  a  high  potential  (say  several  thousand 
volts),  running  the  primary  conducting  system  to  a  number  of  sub- 
stations, which  approximately  take  the  place  of  centers  of  distribu- 
tion in  the  feeder  and  main  system. 

681.  At  each  of  the  subordinate  stations,  by  means  of  a  motor 
transformer,  the  small  current  and  high  potential  of  the  original 
supply  is  changed  to  a  large  current  at  low  voltage,  giving  a  safe  and 
practical  supply  for  all  consumers.  Such  an  arrangement  leads  to 
marked  economy  in  the  primary  conducting  system,  especially  if  the 
geographical  circumstances  are  such  as  to  necessitate  the  expansion 
of  the  system  over  a  large  territory,  and  also  renders  all  of  the 
customers  entirely  independent  of  each  other.  The  various  motor 
transformers  may  either  be  operated  in  series  or  in  parallel ;  and, 
furthermore,  additional  advantage  may  be  obtained  by  arranging 
either  the  primary  or  secondary  system,  or  both,  to  operate  upon  the 
multiple-wire  system. 
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683.  Installations  of  this  kind  have  already  reached  considera- 
ble development,  especially  in  Europe,  where  by  their  aid  widely 
extended  distribution  is  made  a  commercial  success.  Little  or  no 
difficulty  is  experienced  with  the  motor  transformers,  as,  by  careful 
proportioning,  these  machines  may  be  made  exceedingly  permanent 
and  durable,  requiring  for  annual  maintenance  only  the  renewal  of 
the  commutators  and  the  brushes ;  and  when  suitably  calculated  for 
the  loads  placed  upon  them,  they  can  be  made  exceedingly  economi- 
cal, having  an  efficiency  of  over  ninety  per  cent  at  full  load.  As, 
however,  they  are  dynamic  machines,  a  certain  amount  of  supervision 
is  essential ;  and,  therefore,  usually  an  attendant  is  constantly  re- 
quired at  each  of  the  sub-stations  during  such  times  of  the  day  as 
the  motor  dynamos  are  in  operation.     The  expense  of  maintenance 
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and  lack  of  efficiency  of  the  motor  generators  are  comparatively 
small  items,  being  usually  much  less  than  the  cost  of  interest,  depre- 
ciation, and  loss  of  energy  in  the  ordinary  conducting  systems.  The 
cost  of  attendants,  however,  is  quite  a  serious  item,  and  has  so  far 
limited  to  a  notable  extent  the  expansion  of  this  system.  The 
system  just  outlined  for  the  employment  of  motor  transformers  is 
one  that  has  received,  perhaps,  the  largest  sanction  by  experience. 
There  are,  however,  many  special  methods,  of  which  the  following 
are  perhaps  the  most  important. 

088.  CompeoBators.  —  The  use  of  motor  generators  for  com- 
pensator has  already  been  alluded  to.  The  design  of  a  compen- 
sator plant  will  be  more  clearly  understood  by  reference  to  Figs.  33^ 
and  335. 

The  simplest  case  is  the  employment  of  a  compensator  upon  the 
three-wire  system,  the  outline  of  the  connections  being  shown  in 
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Fig.  334  A  is  the  generating-station,  B  and  C  being  the  two 
compensators.  These  compensators  are  two  dyamos,  shunt  wound, 
the  fields  being  placed  across  the  outer  mains,  as  shown  at  F  and  G. 
Xhe  armatures  of  the  two  compensators  are  wound  upon  the  same 
shaft,  in  order  to  rotate   exactly  in  unison.     When  the  two  outer 
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Conductors  of  the  line  are  equally  loaded,  a  very  small  current  flows 
through  the  compensators,  simply  sufficient  to  turn  the  armatures, 
overcoming  the  frictional  resistance.  As  soon  as  the  system  be- 
comes unbalanced,  the  armature  connected  with  the  main  carrying 
the  least  current  becomes  a  motor,  while  the  other  armature  plays 
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the  part  of  a  dynamo,  the  balance  of  the  system  being  restored ;  for 
one  of  the  compensators,  acting  as  a  motor,  drives  the  other  arma- 
ture as  a  generator,  furnishing  the  excess  current  required  upon  the 
overloaded  main. 

684.  The  calculations  for  the  amount  of  current  required 
in  the  various  compensators  may  be  made  by  the  application  of 
KirchhoETs  laws.     Fig.  335  gives  an  illustration  of  the  compensator 
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method,  as  applied  to  a  five-wire  system,  and  will  form  a  sample  to 
elucidate  the  application  of  the  calculations. 

Let  X  be  the  current  from  the  station ; 

m,  n,p,  q  the  currents  in  the  different  receivers; 
e  the  voltage  of  the  receivers ;  and 
M  =  \e,  the  voltage  of  the  station. 

eSB.  Let  A,  B,  C,  D,  and  E,  and  A',  B',  C,  I/,  and  F  be 
the  respective  mains,  with  the  compensators  located  between  A'ff, 
B'C,  and  I/E'.  By  KirchhofTs  laws,  the  values  of  the  currents  in 
the  intermediate  wires  may  be  readily  found,  as  indicated  in  the 
illustration. 

If  X  is  the  current  supplied  by  the  station,  and  x,  y,  s,  and  /  the 
currents  in  the  armatures  of  the  compensators,  the  following  equa- 
tions are  readily  deduced :  — 

X-\-x  -m^^.  (241) 

y  ^m-n  -x=^.  (242) 

z    ■\-n  -p  -y  =  Q.  (243) 

q  _/   — Jf-O.  (244) 
From  which    nt  —  x  =  n  — y  =/  —  t=^q  —  t  =  X. 

ese.  Moreover,  if  it  is  assumed  that  the  compensators  have  an 
equal  output,  whether  acting  either  as  generators  or  motors,  and 
neglecting  the  small  amount  of  energy  expended  to  overcome  their 
ohmic  resistances,  and  assuming  ^  to  be  the  electro-motive  force 
required  for  the  lamps,  the  following  equation  obtains :  — 

4^A-=^(« +  «+/  +  ?)!  (245) 

From  which  x  =  m  +  n  +/>  +  q  / 4.  (2^6) 


687.  Solving,  the  various  values  for  the  currents  in  the  compen- 
sators and  in  the  separate  wires,  as  indicated  on  Fig.  336,  are  ob- 
tained. As  all  of  the  compensators  are  shunt  wound  machines, 
having  their  fields  excited  between  the  outer  conductors,  they  always 
revolve  in  the  same  direction,  no  matter  whether  acting  as  generators 
or  motors  ;  and,  under  the  present  state  of  perfection  in  dynamo  con- 
struction, they  require  an  exceedingly  small  amount  of  attention. 
The  independence  of  the  system  is  further  preserved  by  the  ability 
to  insert  compensators  at  any  number  of  points  across  the  primary 
mains.     This  method  renders  it  feasible  to  r>perate  a  station  by  an 
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available  water-power,  situated  at  some  distance  from  the  center  of 
gravity  of  the  consumers,  delivering  the  energy  thus  obtained  at  a 
high  potential  through  a  small  pair  of  conductors,  and  placii^  the 
compensators  in  parallel  across  the  mains  at  the  various  centers  of 
distribution.  To  determine  the  size  of  the  compensators,  it  is  ne- 
cessary to  establish  the  greatest  possible  difference  in  loading  be- 
tween the  outer  conductors  and  any  of  the  intermediate  ones,  and 
proportion  the  compensator  to  deliver  the  current  thus  indicated. 
By  designing  the  system  according  to  the  observance  of  precautions 
indicated  for  the  multiple-wire  systems,  so  that  the  load  of  the  vari- 
ous consumers  shall  be  equally  subdivided  among  the  intermediate 
conductors,  it  is  practical  to  reduce  the  probable  lack  of  balance  to 
a  small  percentage,  thereby  reducing  in  a  corresponding  proportion 
the  size  of  the  compensators  required  to  maintain  the  balance. 

688.  Motor  Transformers  Buniuns  and  Feeding  in  Series.  — 
An  ingenious  method  of  utilizing  motor  transformers  has  been  de- 
vised by  Mr,  Bernstein.  While  usually  applied  to  straight  currents, 
it  is  also  applicable  to  alternating  currents.  The  method  consists  in 
laying  from  the  central  station  a  series  circuit  receiving  power  from 
a  single  generator,  including  in  the  circuit  any  desired  number  of 
motor  transformers.  One  striking  peculiarity  of  this  system  is  the 
arrangement  of  the  engine,  or  other  prime  mover,  without  any  speed 
regulator  for  controlling  changes  in  load ;  the  engine  being  allowed 
to  run  at  any  desired  speed  up  to  a  certain  predetermined  maximum, 
which  will  correspond  to  a  delivery  of  the  highest  voltage  to  be 
obtained  from  the  generator. 

The  motor  transformers  are  those  having  double  windings  on  the 
armatures,  the  motor  side  of  each  transformer  being  connected  in 
series  with  the  primary  line,  so  that  the  whole  number  forms  a  group 
of  series  motors  operating  upon  the  station  circuit.  The  other  wind- 
ings of  the  armature  are  arranged  to  be  in  series  with  the  receivers 
of  each  separate  circuit,  and  are  proportioned  to  supply  the  requisite 
number  of  receivers  that  may  be  expected  upon  each  of  the  secondary 
circuits.  The  number  of  customers  u[X)n  the  secondary  circuits  may 
be  increased  or  diminished  at  pleasure,  by  simply  short-circuiting  the 
apparatus  of  the  customer,  which  is  for  the  time  being  thrown  out  of 
service,  by  this  means  rendering  the  various  receivers  independent 
o'  each  other.    The  general  outline  of  this  circuit  is  shown  in  Fig.  337. 
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In  this  design  it  is  apparent  that  neither  the  motor  transformers 
nor  the  generators  and  engine  at  the  station  require  any  special 
supervision,  the  whole  plant  being  entirely  self-regulating.  The  effi- 
ciency of  the  design  is  low  as  is  common  in  series  circuits,  unless 
the  plant  can  be  arranged  to  operate  essentially  under  a  constant  full 
load.     It  is  also  noteworthy  that  there  is  no  need  of  automatically 
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regulating  the  position  of  the  brushes  on  the  series  machines,  as  is 
customary  ;  for  inasmuch  as  the  current  is  constant  in  both  armature 
circuits,  regulation  is  accomplished  entirely  by  a  variation  in  the 
speed  of  rotation  of  the  various  armatures  of  the  motor  transformers. 
980.  High  and  Low  Potential  Distributiou  from  the  Same 
Station.  —  M.   Rechniewski   has  devised  the    following   ingenious 


'«  i-i  i  i  i 


jt^ 


^    ^■4-'^    i 


Flf.  Ut.    HltH  ua  1m>  fvtfUlal  fnm  On*  Aot/OK 

method  for  delivering  two  different  potential  values  at  one  station. 
The  generators  are  arranged  at  A,  Fig.  338,  in  such  a  manner  that 
part  of  the  dynamos  may  operate  in  parallel  upon  the  circuit  BC, 
which  may  be  supposed  to  feed  a  group  of  110  volt  lamps  placed 
close  to  the  station.  The  remaining  dynamos  are  placed  in  series 
with  the  first  machines,  giving  a  220  volt  circuit  to  be  use<I,  for  exam- 
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pie,  at  a  considerable  distance  from  the  plant.  At  D  a  motor  trans- 
former is  placed,  so  designed  that  in  connection  with  the  circuit  D  E 
it  shall  absorb  110  volts,  leaving  110  from  the  220  of  the  circuit  to 
pass  the  lamps  at  E.  From  the  other  side  of  the  motor  transformer 
at  F,  a  110  volt  current  is  obtained,  which  is  also  passed  to  the  lamps 
at  E.  By  this  ingenious  device,  only  half  of  the  energy  undergoes 
transformation,  and  the  advantages  of  a  high  potential  with  a  mini- 
mum loss  of  efficiency  is  secured. 

690.  Leonard's  System  of  Motor  Regulation.  —  For  the  spe- 
cial case  of  electric  motors,  operating  under  wide  variations  of  load 
and  speed,  particularly  in  instances  where  the  direction  of  rotation 
is  frequently  reversed,  Mr.  H.  W.  Leonard  proposes  the  following 
method  of  regulation,  depending  upon  the  principle  that  the  'poten- 
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tial  at  the  motor  terminals  should  be  proportional  to  the  desire<^ 
speed,  while  the  current  should  vary  as  the  torque  or  twisting  mo- 
ment required.  The  method  is  diagrammatically  shown  in  Fig.  339, 
in  which  B  is  the  motor,  and  A  and  C  two  generators,  the  office  of 
the  generator  C  being  simply  to  excite  the  fields  of  the  motor  B  and 
the  generator  A.  The  field  currents  are  controlled  by  the  rheostats 
D  and  E.  The  armatures  of  the  generator  and  motor  are  directly 
connected.  So  long  as  the  generator  A  is  operated  at  a  constant 
speed,  the  electro-motive  force  generated  will  be  proportional  to  the 
strength  of  its  field,  which  is  controlled  by  the  rheostat  D.  The 
field  of  the  motor  being  constant,  the  speed  of  its  amature  will  de- 
pend upon  the  applied  electro-motive  force ;  and,  hence,  this  speed  is 
also  controlled  by  the  rheostat  D.  The  current  will  automatically 
vary  proportionally  to  the  torque  exercised  by  the  motor  armature, 
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and  the  efficiency  will  be  constant  and  independent  of  both  speed 
and  torque.  Reversal  of  rotation  is  readily  accomplished  by  a  rever- 
sal of  the  field  current.  This  method  has  been  very  successfully 
applied  to  the  operation  of  elevators  and  to  similar  pieces  of  ma- 
chinery. 

691.  AooumnUton. — ^A  discussion  of  the  properties  of  the  storage 
battery  and  its  place  in  electric  stations  belongs  to  a  treatise  ou 
central-station  des^,  and  here  can  receive  only  a  mere  mention.  All 
dectric  plants  are  handicapped  by  severe  fluctuation  of  load  which 
prevents  the  generating  station  from  operating  steadily  at  its  point  of 
tnnrimiim  efficiency.  The  battery  offers  a  means  whereby  the  elec- 
tricity produced  by  the  dynamos  during  horns  of  light  load  can  be 
stored  and  delivered  to  the  line  at  moments  of  heavy  demand.  It 
may  also  act  as  a  transformer,  for  cells  may  be  charged  from  main  line 
in  series  at  relatively  high  potential  and  discharged  multiple  into  a  dis- 
tributing system,  but  otherwise  the  battery  does  not  affect  the  design  of 
the  transmission  system.  In  both  of  these  rAles  the  battery  plays  an 
important  and  successful  part,  and  is  rapidly  becoming  a  most  valuable 
central-station  accessory. 

693.  The  electrical  railway  problem  would  seem  to  receive 
from  the  storage  battery  an  exceedingly  happy  solution,  for,  from 
the  station  curves  already  given  in  Chapter  3CV.,  the  irregularity  of 
load  upon  a  railway  station  is  seen  to  be  exceedingly  severe  and 
irregular.  It  may  be  almost  confidently  stated  that  no  electrical 
railway  plant  can  operate  at  its  point  of  maximum  efficiency,  on 
account  of  sudden  and  extreme  variations  of  load  to  which  the 
station  is  subjected.  To,  therefore,  supply  railway  stations  with 
a  suitable  accumulator  plant,  which  should  allow  engines  to 
run  at  a  reasonably  constant  and  uniform  load  at  the  point  of 
maximum  efficiency,  and  allow  the  battery  to  make  up  in  the  line 
deficiencies  of  the  current  supplied  by  the  dynamos,  would  cer- 
tainly be  attended  with  the  happiest  results.  Already  railway 
station  managers  in  this  country  are  seriously  considering  the 
increasing  of  station  capacity  by  means  of  accumulators,  and  the 
wide  adoption  of  this  method  in  the  near  future  seems  to  be  a 
forgone  conclusion. 

esa.    Sub-Station  AoomntUatorB.  —  The   accumulator   may  be 
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used  in  a  manner  similar  to  the  motor  transformer  by  being  located 
at  a  number  of  sub-stations  which  may  correspond  to  centers  of 
distribution.  The  employment  of  accumulators  in  this  manner 
forms  one  solution  of  high  potential  transmission,  by  allowing 
the  generating-station  to  work  at  high  pressure,  the  batteries  in 
the  sub-stations  being  arranged  to  be  charged  in  series,  while  they 
are  discharged  into  the  consumers'  circuits  in  parallel.  In  this 
way   the  batteries   at   the  sub-stations   may   be  charged   under  a 
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fig.  a*} 


very  high  potential  with  a  small  quantity  of  current,  and  yet  serve 
a  large  territory  at  the  ordinary  lighting  voltage  with  a  large  cur- 
rent. Inasmuch  as  the  batteries  do  not  need  constant  attention, 
it  is  practical  to  place  the  care  of  a  number  of  sub-stations  in  the 
bands  of  a  single  assistant,  who  may  visit  each  station  at  differ- 
ent periods  of  the  day,  giving  each  of  the  separate  batteries  such 
supervision  and  maintenance  as  may  be  necessary.  In  this  respect, 
the  accumulator  is  an  improvement  over  the  motor  dynamo,  for 
the  latter  almost  necessitates  the  constant  presence  of  an  attend- 
ant.    On  the  other  hand,  however,  the  cost  of  battery  maintenance, 


D,s,z..l,yCOOgIe 


586  THE  ELECTRICAL    TRANSMISSlOff  OF  ENERGY. 

including  the  deterioration  of  the  plates,  the  losses  of  exciting  Quid, 
etc.,  are  considerably  lai^r  than  the  maintenance  expense  entailed 
by  motor  generators;  for,  while  the  present  battery  manufacturers 
are  prepared  to  give  five  or  even  ten  years'  guarantee  for  the  per- 
manence of  their  goods,  the  life  of  a  motor  dynamo,  the  commu- 
tators and  brushes  alone  excepted,  is  practically  without  limit. 
Accumulator  stations  may  be  designed  either  on  single  or  multiple 
wire  systems,  for  either  the  primary  or  secondary  conducting  sys- 
tems, or  both. 

094.  Accumulator  DiBtribution.  —  The  more  customary  meth- 
ods of  distribution  by  means  of  accumulators  are  indicated  in  Figs. 
340  and  341.  In  the  first  illustration,  the  batteries  B  B  B  B  are 
arranged  in  series  along  the  entire  line,  the  generator  feeding  all 
of  the  sets.  The  receivers  are  taken  off  in  four  parallel  circuits, 
each  one  of  the  batteries  being  of  sufficient  voltage  to  adequately 
supply  all  of  the  customers.  A  similar  arrangement  is  indicated  in 
tbe  latter  illustration,  with  the  simple  modification  that  in  this  case 
the  secondary  consumers'  circuits  are  laid  out  upon  the  three-wire 
system. 

695.  BeBulation  by  Means  of  Accumulators.  —  A  very  conven- 
ient application  of  the  acciimulator  system  is  in  the  accomplishment 
of  the  regulation  of  voltage  to  be  delivered  at  the  end  of  the  feeders, 
by  planning  the  battery  so  that  there  are  a  suflicient  number  of  cells 
to  make  up  for  the  fall  of  pressure  in  the  feeds,  and  arranging  the 
extra  cells  in  such  a  manner  as  to  be  readily  thrown  in  and  out  of 
service  by  means  of  an  appropriate  switching  apparatus. 

Thus  the  accumulator  forms  an  exceedingly  valuable  and  simple 
method  of  regulating  the  potential  delivered  at  the  ends  of  the  feeder 
system.  As  the  load  is  thrown  on  the  plant,  the  increasing  current 
causing  a  drop  at  the  ends  of  the  feeds,  additional  cells  may  he 
switched  into  the  circuits  in  series,  thus  increasing  the  potential 
precisely  in  accordance  with  the  demands  of  the  line. 

696.  Transformers.  —  The  devices  for  rendering  high  potential 
circuits  available,  that  have  so  far  been  considered,  are  those  applica- 
ble to  straight  currents.  The  alternating  current  presents  a  solution 
of  the  problem,  at  least  so  far  as  lighting-circuits  are  concerned,  in 
an  exceptionally  beautiful  manner.     The  motor  transformer  and  the 
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accumulator  are  dj-namic  pieces  of  apparatus,  which  constantly  re- 
quire more  or  less  supemsion,  and  from  this  cause  are  sources  of 
considerable  expense.  With  the  alternating  system,  the  principles 
of  induction  may  be  so  utilized  as  to  enable  the  plant  to  distribute 
electrical  energj-  over  wide  areas  with  the  greatest  economy,  without 
the  interposition  of  machiner}'  needing  supervision.  In  the  case  of 
the  motor  transformer,  a  rotating  armature  is  supplied  with  a  high 
potential  current  through  the  fine  windings,  and  distributes  a  low 
potential  current  through  the  coarse  windings.  In  this  case,  the 
cutting  of  the  magnetic  lines  is  accomplished  by  the  rvtatioH  of  the 
armature.  In  the  case  of  the  alternating  currents,  no  dynamic  rota- 
tion is  necessary,  as  the  wave  form  of  the  current  itself  supplies  the 
necessar>'  changes  in  the  magnetic  field.  The  transformer  in  its 
essential  parts  consists  merely  of  an  iron  core  surrounded  with  two 
coils  of  wire,  a  fine  coil  and  a  coarse  coiL  The  fine  coil  is  connected 
to  the  primary  line,  receiving  electrical  energy  at  a  high  potential, 
while  the  coarse  wire  coil  is  in  communication  with  the  lines  of  the 
consumers.  The  alternations  of  the  primary  current  cause  magnetic 
alternations  in  the  core,  thus  inducing  a  secondary  current  in  the 
coarse  wire  coil.  Without  serious  error,  it  may  be  stated  that  the 
transformation  thus  effected  is  in  proportion  to  the  ratio  of  the  num- 
ber of  turns  of  wire  in  the  coarse  coil  to  the  number  in  the  fine  coil. 
If  the  primary  wire  is  operated  under  2,000  volts,  and  100  volts  is 
required  in  the  consumer's  circuit,  the  turns  on  the  two  coils  in  the 
transformer  will  be  in  the  proportion  of  twenty  to  one.  The  advan- 
tage of  the  transformer  lies  chiefly  in  the  fact  that  it  needs  abso- 
lutely nc  supervision.  Once  built  and  placed  in  position,  it  needs  no 
further  attention,  unless  injured  from  some  exterior  cause,  but  will 
go  on  performing  its  part  of  the  service  for  an  indefinite  time. 

697.  Economy  in  the  Conductor.  —  It  is  easy  to  calculate  the 
economy  that  may  be  made  in  the  circuits.  Let  W  be  the  energy 
in  watts  to  be  transmitted  between  the  generating  station  and  the 
receivers.  Supposing  /  to  be  the  current,  and  £  to  be  the  difference 
of  potential,  and  w  the  energy  which  is  lost  in  the  line,  equal  to  a 
certain  fraction  m  ol  IV.  If  direct  current  distribution  is  used,  the 
resistance  of  the  line  becomes,  — 
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Jt-m^i  (247) 

and  also,  »  -  m£:/  -  Xf.  (248) 

Suppose,  on  the  contrary,  that  the  same  energy  be  transmitted 
under  a  difference  of  potential  /C  times  more  elevated  and  a  current 
K  times  more  feeble.     Under  these  circumstances  — 

«'--*;^;  ^49) 

from  which  it  follows  that  R  ^  K*Ji,  and  therefore,  as  the  length 
of  line  remains  the  same  in  the  two  cases,  the  same  relations  exist 
between  the  relative  amounts  of  copper  that  are  necessary  for  the 
appropriate  circuit.  For  example :  energy  transmitted  under  a 
potential  of  two  thousand  volts  requires  four  hundred  times  less 
copper  for  the  same  line  losses  than  is  needed  under  a  transmission 
of  one  hundred  volts ;  and  conversely,  with  a  tension  of  two  thousand 
volts,  it  is  possible  to  make  the  circuit  four  hundred  times  as  long, 
with  the  same  loss,  as  would  be  required  for  a  potential  o^  one 
hundred  volts.  Thus  it  is  evident  that  raising  the  pressure  of  the 
energy  will  permit  a  distribution  over  a  very  much  greater  space. 
For  an  aerial  line,  the  economy  indicated  is  usually  attainable ;  hut 
when  the  circuit  is  placed  underground,  the  full  saving  can  very 
rarely  be  realized,  for  in  the  latter  case  a  large  proportion  of  the 
expense  of  line  i»  required  in  the  construction  of  the  subway.  Under 
these  circumstances,  a  saving  in  the  weight  of  the  conductors  will 
only  decrease  the  total  cost  of  the  circuit  by  a  smaller  proportion, 
inasmuch  as  the  cost  of  the  subway  will  remain  the  same.  It 
should  also  be  recollected  that  the  saving  in  the  cost  of  the  circuit 
is  also  offset  by  the  expense  made  necessary  by  the  use  of  trans- 
formers —  an  outlay  of  capital  that  is  necessary  to  incur  when  the 
plant  is  first  established. 

69B.  There  are  three  possible  ways  in  which  transformers  may 
be  operated. 

First.  All  of  the  primaries  may  be  in  series  with  the  receivers 
OS  the  secondaries  in  paralleL 
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Second.  Both  the  primaries  and  the  receivers  on  the  secondaries 
may  be  in  series. 

Third.  The  primaries  and  the  receivers  on  the  seconda  ies  may 
both  be  in  parallel.  These  methods  are  indicated  diagrammaticatly  in 
Fig.  342,  Nos.  1,  2,  and  3. 

According  to  the  first  system,  if  any  receiver  be  put  into  or  out  of 
commission,  the  resistance  of  the  secondary  circuit  will  be  correspond- 
ingly diminished  or  increased.  This  will  proportionally  vary  the 
impedance  of  the  primaiy  drcuit;  and  the  current  therein  will  be,  in 
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fig.  342.    Traiaformtr  Clnulta. 

a  like  manner,  varied  in  quantity.  Such  a  system  cannot  be  made 
self-regulating;  and,  if  used,  must  depend  entirely  upon  manual  regu- 
lation at  the  station. 

090.  In  the  second  system,  with  the  receivers  arranged  in  series, 
a  practical  working  arrangement  is  obtained,  if  the  primary  current  is 
derived  from  a  constant-current  alternator  having  the  ability  (by  com- 
pound winding  or  automatic  regulators)  of  maintaining  a  constant 
current  for  considerable  variations  in  the  impedance  of  the  primary 
circuit  This  arrangement  has  received  quite  a  wide  development  in 
aic-lightii^  plants  operated  by  alternating  currents,  the  customary 
design  being  indicated  in  Fig.  343. 
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700.    The  third  method  is  the  one   most  usually  employed;  for, 
if  the  transfonners  are  designed  with  sufficient  impedance  in  the 


primary  circuit  to  practically  block  out  all  current,  when  the  second- 
ary is  open,  the  system  then  becomes  almost  perfectly  self-regulating. 
701.    Usually,  however,  the  transformer  service  is  installed  as  in- 
dicated in  Fig.  344     With  this  arrangement,  the  transformers  may 
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be  regarded,  in  their  relation  to  the  central  station,  precisely  as  if 
they  were  the  receivers  themselves,  and  the  distribution  studied 
and  designed  in  accordance  with  the  principles  for  direct  currents. 
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"Where  the  area  to  be  covered  is  very  large,  or  the  amount  of  energy 
transmitted  great,  the  feeder  and  main  system  finds  economical 
application,  as  indicated  in  Fig.  345. 

702.  The  transformer  system  further  presents  great  flexibility 
in  the  distribution  from  the  secondary  circuit.  Where  a  large 
number  of  receivers  are  to  be  supplied  at  a  single  location,  the  trans- 
formers may  be  banked,  with  their  secondaries  in  parallel,  as  shown 
in  Fig.  346.  Contrariwise,  if  higher  potential  be  desired  to  over- 
come the  resistance  of  long  interior  leads,  the  secondaries  may  be 
placed  in  series,  as  in  Fig.  347,  thus  doubling  the  potential  of  the 
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individual  transformer.  Finally,  the  service  leads  may  be  arranged 
upon  a  multiple-wire  system,  the  transformer  secondaries  being 
arranged  in  series,  and  appropriately  connected  with  the  inter- 
mediate wires.  For  three-wire  distribution  the  arrangement  is 
indicated  in  Fig.  348.  Even  with  the  best  proportional  trans- 
formers, there  is  a  small  unavailable  consumption  of  energy  due  to 
/*/i  losses  and  hysteresis.  When  operating  under  a  large  load,  the 
percentage  of  energy  thus  wasted  becomes  insignificant ;  but,  during 
the  hours  of  light  loading,  these  wastes  rise  to  formidable  propor- 
tions. From  this  aspect,  the  common  method  of  installing  a  separate 
transformer  to   serve   the  wants  of  each  consumer  is  exceedingly 
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detrimental  to  the  attainment  of  high  service  efficiency.  The  tnui&- 
former  supplied  to  each  customer  must  have  sufficient  capacity  to 
carry  the  maximum  load  ever  desired.     Necessarily,  even  during  the 
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daily  hours  of  maximum  loading,  the  transformer  will  be  operating 
uneconomically  at  a  light  load.  This  is  particularly  the  case  in 
residence  districts,  where  each  individual  house  must  have  a  possible 
transformer  capacity  sufficient  to  provide  for  occasional  /Aes,  while 


the  daily  load  is  but  a  fraction  of  the  occasional  demand.  A  great 
improvement  in  efficiency  may  be  attained  by  designing  the  trans- 
formers to  serve  groups  of  buildings,  as  it  is  evident  that  special 
loading  will  rarely  simultaneously  occur  to  more  than  one  customer 
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in  such  a  group.  Thus  the  average  load  will  much  more  nearly 
approach  a  full  load. 

703.  If  the  transformer  is  located  to  feed  a  subscriber,  or  group 
of  subscribers,  it  is  most  appropriately  placed  at  the  center  of 
gravity  of  the  system  of  receivers  that  it  is  expected  to  feed.  Inas- 
much as  it  is  not  advisable  to  allow  a  high-tension  circuit  to  enter 
the  houses  of  the  subscribers,  this  condition  cannot  always  be 
strictly  followed. 

Theoretically,  the  transformer  system  becomes  the  most  econom- 
ical under  the  following  conditions  :  — 

First,  A  supply  to  the  transformers  by  a  primary  circuit  served 
by  a  system  of  feeders. 

Second.  A  secondary  circuit  from  the  transformers  supplying  the 
receivers  by  a  multiple-wire  system. 

701.  The  Effloienoy  of  Distribution  by  Isolated  Transform- 
ers. —  The  greatest  offset  to  the  use  of  the  transformers  lies  in  the 
low  efficiency  which  is  to  be  obtained  when  the  instruments  are  oper- 
ated for  a  greater  part  of  the  time  under  a  light  load.  No  matter  to 
^vhat  extent  the  perfection  of  the  transformer  may  be  carried,  the 
output  is  never  quite  equal  to  the  total  amount  of  energy  which  is 
supplied  to  it.  For  example,  supposing  the  output  of  a  transformer 
under  full  load  to  be  95  per  cent  of  the  energy  supplied  to  it,  there 
remains  3  per  cent  to  be  lost  by  hysteresis  and  Foucault  currents, 
and  2  per  cent  due  to  heating  of  the  circuits.  The  loss  by  hysteresis 
is  continual,  and  is  entirely  independent  of  the  loading  placed  upon 
the  transformer.  The  heating-losses,  however,  diminish  in  propor- 
tion to  the  load.  Now,  with  all  the  transformers  at  work  during 
twenty-four  hours  of  each  day,  assuming,  as  a  fair  estimate,  that  they 
will' operate  for  two  hours  under  a  full  load,  four  hours  under  a 
half  load,  and  during  the  remainder  of  the  time  under  no  load,  the 
mean  daily  efficiency  then  becomes  easy  to  calculate.  Assuming 
the  efficiency  of  the  transformer  to  be  95  per  cent  at  full  load, 
the  demand  on  the  station  during  the  twenty-four  hours  is  as 
foUows :  — 

8  per  cent  during  18  hours —    .61 

00  per  cent  during    4  hours —  2.00 

100  per  cent  during    2  hours —2.00 

Total 4.M 
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The  output  which  the  transformer  gives  to  the  secondary  circuit 
is  — 

0.00  during  IS  hours -0.00 

0.46  during    4  hours -1.84 

0.95  during    2  hours -1.90 

ToUl       874 

The  total  efficiency  is  — 

3.74/4.54  =  0.826. 

706.  Now,  admitting  the  above  excellent  conditions,  and  allowing 
an  annual  operation  covering  1,500  hours,  the  employment  of  the 
transformers  reduces,  in  the  above  proportion,  the  amount  of  elec- 
trical energy  which  can  be  utilized  in  the  secondary  circuits.  If,  on 
the  other  hand,  the  transformers  operate  for  two  hours  under  full 
load,  and  only  two  hours  under  a  half  load,  the  efficiency  is  low- 
ered 4  per  cent.  From  these  figures,  it  is  evident  that  great  care 
should  be  exercised  in  the  selection  and  design  of  a  plant.  If,  for 
example,  it  is  practical,  in  a  mountainous  region,  to  take  advantage 
of  a  waterfall,  where  the  power  costs  little  or  nothing,  and  where  the 
expense  of  installation  is  moderate,  it  is  evident  that  the  transformer 
system  may  be  used  with  great  economy  and  advantage.  On  the 
other  hand,  in  cases  where  natural  power  is  not  available,  as,  for 
instance,  in  the  center  of  a  crowded  city,  and  it  becomes  essential  to 
use  steam  power,  the  losses  experienced  in  the  transformer  may 
entail  a  coal  expense  which  is  equal  to,  and  often  far  greater  than, 
the  interest  and  depreciation  of  a  large  conducting  system. 

70a.  Transtormers  AiraQged  as  Sab-Stations.  —  In  order  to 
avoid  the  loss  of  energy  due  to  light  loading  of  the  transformers, 
they  may  be  grouped  in  sufficient  numbers  at  a  single  spot,  thus 
forming  an  auxiliary  station.  It  is  a  simple  matter  here  to  install 
appropriate  switches,  by  means  of  which  the  transformers  may  be 
thrown  out  of  circuit  during  the  idle  hours  of  the  day,  when  the  load 
is  comparatively  light,  and  may  be  successively  thrown  into  action  as 
the  load  increases.  This  operation  is  usually  a  manual  one,  thus 
requiring  the  presence  of  an  attendant  during  a  part  of  each  day. 
If,  however,  the  sub-stations  are  so  arranged  that  the  attendant  can 
proceed  from  one  to  the  other  successively,  to  cut  in  or  out  the  vari- 
ous instruments,  a  single  attendant  wjU  be  sufficient.      Many  pieces 
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of  apparatus  have  been  proposed  to  throw  the  transformers  in  and 
out  of  circuit  automatically ;  and  while,  on  the  one  hand,  it  is  doubt- 
less possible  to  accomplish  this,  it  will  be  necessary  to  have  much 
greater  experience  with  automatic  machines  of  this  description  before 
full  confidence  and  reliance  can  be  placed  upon  them.  The  location 
of  the  auxiliary  stations  should  be  studied  with  equal  care  to  that 
which  is  devoted  to  the  selection  of  the  site  of  the  main  plant.  The 
secondary  system  of  mains  and  feeders  also  becomes  a  matter  of 
care  in  design,  and  requires  even  greater  attention  than  in  the  case 
of  house-to-house  transformers.  The  three-wire  system  now  becomes 
particularly  applicable,  in  view  of  the  economy  to  be  derived  in  the 
conductors,  especially  as  the  auxiliary  stations  are  designed  to  feed  a 
much  larger  territory.  With  the  auxiliary  station  arrangement,  it 
becomes  practically  advisable  to  feed  each  sub-station  by  means  of 
a  single  pair  of  mains  extending  from  the  main  generating-plant. 
Under  these  circumstances,  particular  care  should  be  taken  to  con- 
nect the  auxiliary  stations  among  themselves  in  such  a  manner  that, 
in  case  of  any  accident  to  a  pair  of  mains  from  the  central  station  to 
a  particular  auxiliary  station,  the  service  may  not  be  interrupted,  but 
that  the  incapacitated  sub-station  may  be  fed  by  a  roundabout  circuit 
through  the  other  auxiliary  plants  from  the  central  station.  A  sepa- 
rate dynamo  may  be  arranged  to  connect  each  set  of  mains  to  its 
corresponding  transformer,  or  set  of  transformers.  However,  'rom 
an  economical  standpoint,  it  is  usually  preferable  to  unite  the  genera- 
tors among  themselves,  in  order  to  make  them  operate  under  the 
best  possible  conditions  of  loading.  It  should  be  noted  here  that 
one  of  the  largest  English  central  stations  has  preferred  to  employ 
a  small  number  of  machines,  graded  in  size  in  such  a  way  that  one 
after  the  other  may  be  thrown  in  or  out  of  service,  so  as  to  keep  the 
machines  that  are  at  work  constantly  under  full  load,  and,  therefore, 
operating  at  their  point  of  maximum  economy. 
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707.  It  has  been  shovn  that  the  losses  in  the  conducting  system 
are  equal  to  the  product  of  the  resistance  and  the  square  of  the  cuirent, 
while  the  energy  transmitted  is  proportional  to  the  product  of  the 
B.M.F,  and  current.  Hence  it  follows  that  where  a  given  amount 
of  energy  is  to  be-  transmitted  if  the  voltage  be  increased,  the  current 
may  be  correspondingly  decreased.  By  this  process  the  line  losses  will 
be  diminished  with  a  given  conductor^  in  proportion  to  the  square  of 
the  voltage,  or  with  a  given  line  loss  the  quantity  of  conductor  material 
may  be  decreased  in  the  same  ratio.  Consequently  as  the  pressure  is 
raised  either  the  cost  of  the  enei^  lost  in  the  line  may  be  decreased  or  the 
cost  of  conductor  material  economized.  Thus  there  is  a  constant  ten- 
dency to  increase  the  pressure  at  which  transmission  lines  are  operated. 
It  has  so  far  been  found  impracticable  to  build  direct-current  dynamos 
that  will  successfully  develop  a  pressure  of  more  than  a  few  thousand 
volts;  and  even  if  such  construction  were  possible,  there  is  no  convenient 
way  of  changing  the  voltage  of  a  direct-current  circuit,  and  it  would  be 
utterly  impracticable  to  operate  electrical-supply  systems  as  they  are 
now  known  at  much  greater  pressures  than  are  at  present  commonly 
used.  With  alternating  currents  the  transformer  presents  a  method 
of  changing  the  mutual  relations  of  current  and  pressure  with  a  sim- 
pUcity  and  economy  that  is  almost  ideal.  The  dynamo-builder  may 
therefore  construct  his  machine  to  deliver  energy  at  any  pressure  and 
current  that  may  be  convenient.  At  the  generating  end  transformers 
may  be  used  to  raise  the  voltage  to  that  point  which  is  most  economical 
for  transmission,  and  at  the  receiving  end  other  transformers  may 
lower  the  pressure  to  that  which  is  desimble  for  distribution.  So  long 
as  the  supply  of  light  was  the  chief  object  of  the  electrical  installation, 
such  a  system  filled  all  demands,  but  when  a  power  market  arose  the 
plain  alternating  current  found  itself  at  a  serious  disadvantage,  for  as 
yet  the  alternating-current  motor  lacks  many  desirable  qualities  of  the 
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direct-current  machine.  Thus  the  common  alternating-current  motor 
must  be  started  by  auxiliary  apparatus,  and  brought  into  step  wiUi 
the  generator,  before  the  load  is  applied,  and  then  can  only  operate  under 
almost  constant  conditions  of  loading,  nor  is  its  ef&ciency  equal  to 
that  of  the  direct-current  machine.  In  the  search  for  the  ideal  alter- 
nating-current motor,  electricians  have  evolved  the  polyphase  system, 
which,  particularly  for  power  transmission,  presents  especial  advantages. 

708.  For  a  proper  comprehension  of  polyphase  systems,  some 
consideration  of  the  way  that  electric  currents  are  generated  is  necessary. 

Fig.  349  is  a  diagrammatic  representation  of  a  dynamo  machine 
supplied  with  a  gramme  ring  armature  upon  the  periphery  of  which  the 
coils  are  wound.    As  the  ring  revolves  in  the  magnetic  field  E.M.F.S  are 


Fig.  3*0. 


set  up  in  the  coils,  and  by  differently  combining  the  coils  a  great  variety 
of  circuits  may  be  produced,  but  to  avoid  too  great  complexity  practice 
has  chiefly  sanctioned  three  kinds — the  Diphase,  the  Triphase,  and 
the  Fourphase  systems.  Consider  now  more  in  detail  the  E.M.F.S 
and  currents  of  these  systems.  In  the  discussion  of  the  volt^e  and 
current  relations  which  follow,  it  is  assumed  that  each  phase  is 
equally  loaded,  both  as  to  current,  E.M.F.,  and  phase,  so  that  the  sys- 
tems are  balanced.  The  effective  current  will  be  represented  by  /, 
and  the  effective  E.M.F.  by  E,  while  the  E.M.F,  between  any  coil  and 
the  neutral  point  or  cconmon  center  will  be  represented  by  e. 

709.  Diphase  SyBtomB.— Case  I.  Four  wire  Circuits. — Suppose  the 
winding  of  an  armature  to  consist  of  only  two  coils  or  the  equivalent. 
Such  a  condition  is  diagrammatically  presented  in  Fig.  350,  in  which 
a  represents  one  coil,  and  (  another  coil  90°  behind  the  first  one. 
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From  the  ends  of  each  coil  wires  extend  to  slip-rings  to  which  the  four 
wires  of  the  Une  circuits  are  respectively  attached,  which  are  repre- 
sented by  AA'  and  Biy,  forming  the  circuit  of  one  phase,  and  CC 
and  BW  the  circuit  of  the  other  phase.  By  inspection  it  is  obvious 
that  the  pressure  between  AA'  and  DW  and  also  between  CC  and 
BB'  is  the  effective  "EM-F.  which  is  developed  in  one  coil,  represented 
by  E.  This  is  the  pressure  measured  by  a  voltmeter  connected  to 
the  two  wires  of  either  circuit.  The  current  in  each  phase  is  /  amperes. 
There  is  no  electrical  connection  between  the  two  phases,  each  of  which 
is  entirely  independent  of  the  other  and  behaves  as  if  it  were  generated 
by  a  separate  machine,  or  even  by  a  different  plant. 

710.  Case  II.  Three-wire  System. — It  is  possible  to  join  the  leads 
Diy  and  CC  or  BW  and  AA'  outside  of  the  armature,  as  is  shown  in 


fll.  iSO.    Diagram  af  tH/rkoM  Ai 


Fig.  350  by  dotted  line,  and  in  Fig.  351  by  full  lines,  and  thus  do  away 
with  one  of  the  four  wires  that  form  the  two  circuits,  using  the  remaining 
wire  as  a  common  return.  Under  this  condition  the  pressure  between 
AA'  and  the  common  return  and  BB'  and  the  common  return  is  the 
same,  and  is  equal  to  the  E.M.F.  of  one  coil  or  E,  and  the  E.if.F. 
between  AA'  and  BB'  will  be  the  resultant  of  the  E.M.F.  developed 
in  the  two  coils  a  and  b.  To  determine  this  E.M.F.  let  ACDB, 
Fig.  352,  represent  the  path  of  the  armature  coils,  OA  the  pressure  « 
developed  in  the  coil  a  or  e,  and  OB  the  pressure  developed  in  the  coil 
b,  also  e.  Complete  the  parallelogram  AFBO,  then  OF  is  the  result- 
ant of  OA  and  OB.  If  OA  be  taken  as  unity,  then  OF  is  v^;  hence 
the  pressure  AA'  to  Bff  is  e\/2.    It  also  follows  that  the  current 
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in  the  outgoing  wires  BB'  and  AA'  will  be  7  amperes,  while  the  current 
of  the  common  return  will  be  /v'2. 

711.  Pourphase  or  Quarterphase. — Case  III.  Four-vnre  System. — 
The  digram  of  Fig.  350  represents  a.  single  pair  of  coils  upon  the 


armature,  but,  of  course,  its  entire  circumference  is  completely  filled. 
It  is  possible  to  connect  diametrically  opposite  coils,  as  shown  in  Fig. 
353.  The  line  wires  of  one  phase  AA'  and  BB'  are  connected  to  the 
outside  ends  of  the  coils  a  and  b,  while  the  inner  ends  of  these  coils 
are  diametrically  connected  through  the  center  of  the  armature.  The 
other  phase  is  arranged  in  a  similar  manner.  With  this  method  of 
wiring  the  pressure  between  AA'  and  BB'  is  equal  to  the  E.M.F.  devel- 
oped in  two  coils,  or  to  2C,  and  is  the 
same  in  both  phases.  There  is  no  elec- 
trical connection  between  the  coils  and 
consequently  no  pressure  between  the 
■wires  of  different  phases.  Each  phase 
behaves  like  a  separate  and  independent 
single- phase  alternating- current  circuit, 
havmg  an  E.M.F.  of  2E.  The  current 
in  each  phase  is  I  am[>eres. 

713.  Case  IV.  Three^wire  Circuit. 
—  The  preceding  circuit  may  be  oper- 
ated by  a  common  return  precisely  as 
described  for  Case  II.    The  wiring  is  shown  in  the  diagram  Fig.  354, 
in  which  coils  b  and  d  are  connected  to  a  common  wire  at  the  point  G. 


Flt.354.    aiagr 
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The  relations  of  E.M.F.  and  cmrent  which  now  exist  may  be  demon- 
strated by  the  same  train  of  reasoning  as  used  in  Case  II,  that  is  to  say,  the 
pressure  between  ^4-4'  or  CQ  and  the  common  return  is  equal  to  the 
pressure  of  two  coils,  or  2£,  while  the  pressure  betweeni4-4'  and  CC  is 
equal  to  £\/X  This  may  be  proved  in  another  manner  by  referring  to 
F^.  365,  in  which  i4il.4  and  5BB  represent  either  the  E.3/.i''.  or  current 
curves  in  the  coils  a  and  d,  separated  by  90°  in  phase.  The  curve  CCC  is 
the  aigebraic  sum  of  the  ordinates  of  AAA  and  BBB  and  is  consequently 


Fig.  ass.    DIatrmm  of  Quafftfliaf  EM.F.  er  CamuL 


the  resultant  pressure  between  the  wires  AA'  and  CC  or  the  current  of 
the  common  return.  From  the  well-known  properties  of  the  sine 
curve  this  is  EV2.  As  in  Case  III,  the  current  in  the  outgoing  wires 
is  /  amperes,  and  in  the  common  return  I\/2  amperes. 

718.  Case  V.  Mesh  or  Star  Winding— In  Fig.  353  the  ends  of  the 
diametrically  opposite  coils  are  shown  electrically  connected  throu^ 
the  center  of  the  armature.  Suppose  where  the  leads  from  different 
phases  intersect  they  be  electrically  connected,  as  shown  in  Fig.  356. 
As  in  Case  III,  the  pressure  between  the  wires  of  the  same  phase  will 
be  2£,  but  now  the  interior  ends  of  all  the  coils  are  joined  to  a  common 
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point  and  consequently  there  is  an  EM.F.  between  the  wires  of  the 
difieient  phases,  which,  by  the  same  reasoning  as  used  in  Case  II,  is 
equal  to  £-s/2. 


Case  VI.  Ring  Winding. — In  Fig.  357  all  of  the  coils  around  the 
circumference  of  the  annature  are  comiected  together  in  series,  and 
line  wires  are  attached  at  four  points,  each  90°  in  advance  of  the  other, 
the  connection  of  each  line  being  made  between  two  coils.  Under 
this  arrangement  the  pressure  between  each  wire  and  the  one  which 
iipmediately  precedes  or  succeeds  it  (the  leads  of  different  phases)  is 
due  to  the  E.M.F.  of  one  coil,  or  E,  while  the  pressure  between  the 
"wires  of  the  same  phase  is  equal  to  £v2;  the  current  consequently  in 
each  phase  is  /\/2. 

714.  Triphue  CSroolt*.— Case  VH.  Star  or  Y  Connection.~ln 
the  previous  circuits  the  line  conductors  have  been  supposed  to  be 
connected  to  the  armature  coils  at  intervals  of  9QP.  If  the  connec- 
tions are  made  at  intervals  of  120°  the  so-called  triphase  dreuit  is 
produced,  the  coils  of  which  may  be  connected  either  in  star  or  in 
mesh,  as  already  described  for  the  quarterphase  cireuit.  Fig.  358 
is  a  diagrammatic  representation  of  the  triphase  star-connected  arma- 
ture, or,  as  it  is  usually  called,  the  Y  connection,  from  the  similarity  of 
the  connecting  conductors  to  a  capital  Y.  To  determine  the  relations 
of  the  E.M.F.s  consider  diagram  Fig.  359,  in  which  the  radii  ab  c 
of  the  circular  path  of  the  coils  represent  the  pressure  e  between  each 
ctul  and  the  neutral  point  d.  As  each  coil  is  in  advance  of  the  succeeding 
one,  the  resiiltant  E.M.F.  or  pressure  between  the  line  wires  (which 
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b  the  pressure  given  by  a  voltmeter)  must  evidently  be  the  difference 
between  the  B.M.F.S  of  the  coil  in  advance  and  that  of  the  one  bcliind, 
and  is  ea^y  obtained  by  subtracting  one  E.M.F.  from  the  other.  This 
subtraction  is  most  conveniently  performed  vectorially,  as  shown  in 


Fig.  369:  prolong  b,  making  de  equal  to  b,  and  complete  the  parallelo- 
gram defg,  then  the  diagonal  dj  is  equal  to  the  resultant  E.M.F.,  which 
according  to  the  well-known  properties  of  the  circle,  is  eVS.  Hence 
in  a  Y-connccted  triphase  circuit  if  the  pressure  E  between  the  line 
wires  be  measured,  then  the  pressure  between  any  wire  and  the  neutral 

point  will  be  ■  7~.    Or  if  the  pressure  e  between  the  neutral  and  any 

line  wire  be  ascertained,  the  pressure  between  any  two  phases  will  be 
eVS.  In  the  Y-connected  circuit  the  current  is  /  amperes  in  each 
wire. 

716.  It  is  easy  in  imagination  to  resolve  the  circuit  into  three  sepa- 
rate and  independent  ciituits.  Let  Fig.  360  represent  the  currents  in 
the  lines.  The  algebraic  sum  of  the  current  is  zero,  hence  no  current 
will  flow  in  the  return  wires  and  they  may  be  dispensed  with.  This  is 
on  the  assumption  that  all  three  phases  are  balanced;  if  this  is  not  the 
case  a  return  must  be  provided  over  the  unbalanced  portion.  Fig.  361 
illustrates  this  condition. 

"  719.  Case  VIII.  Mesh  or  A  Connection. — When  all  the  coils  on  a 
triphase  armature  are  connected  in  series,  and  each  line  wire  tapped 
between  two  coils  as  shown  in  Fig.  362,  it  is  said  to  be  mesh-connected  or 
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J-connected,  from  a  resemblance  to  the  Greek  letter  of  that  name.  The 
pressure  between  any  two  Une  wires  is  that  developed  by  one  coil  or  £, 
but  the  cuirent  m  each  wire,  by  the  same  reasonic^  as  in  Case  VII,  is 

The  power  delivered  by  a  triphase  circuit  is  the  same  with  either 
method  of  wiring  because,  by  Case  VII,P-/Ev^and,by  Case  VIQ, 
P-ElVZ. 

717.  Case  IX.  Doubh  Wiring. — The  triphase  circuit  is  some- 
times connected  up  as  is  shown  in  Fig.  363,  in  which  both  the  Y  and 
the  A  connections  are  provided.  With  such  an  arrangement  it  is  practical 
to  operate  six  different  circuits,  namely,  three  circuits  between  the  three 
line  wires  and  the  common  centre,  and  three  circuits,  one  between 
each  of  the  line  wires.  Under  such  conditions  if  the  pressure  between 
any  wire  in  the  common  centre  is  e,  the  pressure  between  each  wire  is 

718.  Taking  all  things  mto  consideration,  experience  now  tends  to 
the  selection  of  the  triphase  system  as  on  the  whole  best  adapted  to 


Flf.  394,    TripluiM*  Stmtratar. 

power  transmis^on  under  the  condition  which  usually  prevails.  To 
illustrate  the  flexibility  of  the  pwlyphase  system  refer  to  Fig,  364,  showing 
a  typical  triphase  dynamo. 

Here  the  machine  consists  of  a  shaft  carrying  a  gramme  ring  arma- 
ture, placed  so  as  to  rotate  between  the  two  field  magnets.    The  shaft 
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carries  a  commutator  at  B,  and  three  collecting-rings,  a,  b,  and  c, 
the  connections  to  the  armature  being  separated  from  each  other  by 
120  degrees,  each  part  being,  as  indicated  in  the  illustration,  carried 
to  its  appropriate  collecting-ring.  Such  a  machine  as  this  is  extremely 
flexible. 

First.  By  applying  power  to  pulley  A,  makir^  the  armature  turn 
mechanically,  a  continuous  current  may  be  obtained  from  the  com- 
mutator B. 

Second.  By  supplying  a  continuous  current  to  the  commutator  B, 
the  dynamo  is  operated  as  a  motor,  and  mechanical  power  may  be 
obtained  from  the  pulley  A. 

Third.  By  applying  mechanical  power  to  the  puUey  A,  turning 
the  armature,  and,  instead  of  collecting  the  current  at  the  commuta- 
tor B,  collecting  it  by  the  rings  a,  h,  and  c,  a  triphase  alternating- 
current  generator  is  obtained,  being  self-excited  by  a  current  derived 
from  the  armature  by  the  commutator  at  B. 

Fourth.  By  supplying  triphase  alternating  currents  to  the  col- 
lecting-rings 0,  6,  and  c,  a  synchronous  alternating-current  motor  is 
obtained,  and  mechanical  power  may  be  derived  from  the  pulley  A. 

■  Filth.  If  a  continuous  current  be  supplied  to  the  commutator  B, 
triphase  alternating  currents  may  be  obtained  from  the  collectors 
a,  h,  and  c;  thus,  in  this  case  the  dynamo  acts  as  a  motor  transformer, 
transforming  a  continuous  current  to  a  triphase  alternating  current. 

Sixth.  If  a  triphase  alternating  current  be  supphed  to  the  col- 
lectors a,  h,  and  c,  a  continuous  current  may  be  obtained  from  the 
commutator  B,  the  dynamo  now  operating  as  a  motor  transformer, 
changing  a  triphase  alternating  current  into  a  continuous  current. 

719.  Transmission  systems  may  be  divided  into  three  classes,  depend- 
ing upon  the  employment  of  transformers  for  changing  the  line  pressure. 

A  plant  of  the  first  class  is  shown  diagrammatically  in  Fig.  365.  The 
generator  is  wound  for,  say,  250  volts,  and  motors  and  lights  are  oper- 
ated isom  it  directly  without  intermediate  transformers.  It  corre- 
sponds to  the  system  commonly  employed  with  continuous  current, 
and  is  well  adapted  to  plants  in  which  the  distances  are  not  great. 

Fig.  366  shows  a  plant  of  the  second  class.  The  generator  is  wound 
for,  say,  2300  volts.  Lai^e  motors  may  be  made  for  this  potential, 
but  lights  and  small  motors  must  take  their  power  through  lowering 
transformers. 
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Generators  of  lai^e  size  can  be  wound  for  pressures  up  to  13,000 
volts,  so  that  this  system  covers  the  greater  portion  of  the  power  trans- 
mission  field  and  is  that  used  generally  by  lighting  and  power  stations. 

When  the  distances  over  which  power  must  be  carried  are  so  great 
as  to  require  a  higher  potential  than  the  generator  can  be  wound  for, 
the  system  must  be  of  the  third  class,  shown  in  Fig.  367- 

The  generator  is  wound  for  any  convenient  low  potential,  and  the 
pressure  is  raised  by  step-up  transformers  to  a  higher  potential.    At 


fig.  397. 

the  distribution  end  the  pressure  is  reduced  to  a  potential  suitable 
for  distribution. 

The  diagram  Fig.  367  indicates  two  substations.  In  one  the 
power  is  distributed  at  an  intermediate  potential,  a  second  set  of  step- 
down  transfonners  being  employed  to  supply  most  of  the  motors  and 
lights.  In  the  other  the  load — a  rotary  converter— is  supplied  with 
low  potential  current  through  a  single  bank  of  transformers. 

Power  systems  do  not  necessarily  confine  themselves  to  one  <A  the 
methods,  but  often  combine  two  and  sometimes  all  three. 
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720.  The  BelatiTe  Amounts  of  Cooduotor  Haterial  in  Difibrent 
Systenu. — ^In  long  transmission  lines  the  cost  of  conductor  material 
becomes  a  large  fraction  of  the  total  installation  cost;  hence  the  rela- 
tive quantities  of  conductor  material  form  an  important  consideration 
in  choosing  the  system.  There  are  two  aspects  from  which  this  question 
can  be  viewed.  Every  circuit  must  be  insulated,  and  the  amount  of 
insulation  must  be  sufficient  to  withstand  the  maximum  pressure  to 
which  the  conductors  are  subjected.  It  his  been  shown  that  in  an 
alternating  circuit  the  effective  pressure  is  .707  of  the  maximum 
pressure.  Evidently  the  power  delivered  is  the  effective  pressure 
multiplied  by  the  current,  while  the  insulation  is  stressed  by  the  maxi- 
mum pressure.  So  the  relative  conductor  material  required  by  different 
systems  may  be  compared  either  on  the  basis  of  maximum  pressures, 
thus  viewing  each  system  from  the  insulaiion  standpoint,  or  danger 
aspect.  Or  comparison  may  be  made  on  the  relative  effective  pressures, 
that  is,  on  the  ability  to  transmit  power.  As  the  relative  weights  of 
conductor  material  are  directly  proportional  to  the  squares  of  the 
respective  pressures  which  have  already  been  calculated,  it  is  easy 
to  tabulate  the  relative  weights  of  conductor  material.  These  are  as 
shown  in  Tables  Nos.  84  and  85,  first  pubhshed  by  Mr.  Steinmetz.* 


Table  No.  84. 

Amoimta  of  OondiuitaT  Ibtsrlil  on  Bmulm  of  XSMtlrs 


8y««m. 

Number 
orWim. 

Conductor 
Uat«ul, 
PuCent. 

100.0 

Zl'.2S 
M.2S 
72.0 
TS-0 
33.3 
29.17 

lfi!02a 
10.S3 

281128 

Edi»n  thnw-wln  uutnl,  luU  Mtion 

half      "       

*Alt«nattog-Current  Phenomena,  p.  478, 
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Table  No.  85. 

a  «X  OOBdnote*  Mrtwrtal  oa  Bwria  Of  MaxlMoin 


ByoUm. 

Number  of 
ofWiiw. 

Coodmtor 
HktvUl. 

146.7 
100 

731.  Commeroial  Franure. — Within  the  past  few  years  the  bio- 
potential transmission  plant  has  multiphed  enormously.  Railway 
transmission  Unes  from  10,000  to  20,000  volts  are  sprinkled  all  over 
the  country.  In  the  West,  particularly  in  California,  where  coal  is 
expensive  and  water  power  plenty,  electrical  engineers  have  been  bolder 
and  40,000-,  50,000-,  and  60,000-volt  Unes  are  in  regular  conmiercial 
operation,  and  it  is  reported  that  one  line  has  been  operated  success- 
fully at  80,000  volts.  But  as  the  pressure  rises  the  cost  of  installation 
and  operation,  owii^  to  augmented  dai^r,  rapidly  increases,  and  for 
the  present  it  seems  as  if  by  commercial  limitations  the  probable  maxi- 
mum pressure  is  about  50,000  to  60,000  volts. 

723.  Determination  of  Conductors  for  Tranunlssloa  Unas.— 
The  object  of  the  transmission  Une  is  to  cany  energy,  in  the  form  of 
an  electric  current,  from  one  point  to  another,  and  the  problem  pre- 
sented in  the  design  of  the  line  is  that  of  finding  the  most  desirable 
size  of  wire  under  the  conditions  given.  The  economic  laws  which 
govern  the  selection  of  the  site  of  the  generatii^  station  with  reference 
to  the  consumers,  and  the  kind  of  system  to  be  employed,  have  already 
been  discussed  i  consequently  when  the  time  arrives  to  calculate  the 
line,  the  engineer  finds  the  following  four  conditions  imposed: 

1st.  The  amount  of  power  to  be  delivered  at  the  eni  of  the  line 
in  KW  =  F. 

2d.  The  distance  between  the  generating  and  receiving  station 
in  miles =L. 

3d.  The  nature  of  service  to  be  supplied. 

4th.  The  permissible  loss  in  per  cent  of  P— ^. 
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Consider  fiist  ttansmission  by  continuous  currents;  then 

F-El (2S0) 

fP-pBI (251) 

to 

RI'-fBI; (252) 


hence 


R-j, 


and  the  resistance  of  the  line  per  mile  is 

R    t^ 
L~LI' 


(254) 


This  expression  gives  the  resistance  of  one  mile  of  two  wires  of  metallic 

pE 
circuit;  the  resistance  of  one  wire  is  evidently  ^yj,  and  the  proper  size 

pE 
wire  can  at  once  be  found  by  seeking  the  value  of  -yy  in  any  wire  table 

showing  resistance  per  mile  opposite  which  will  be  found  the  proper 
wire-gauge  number.  In  case  multiple-wire  distribution  is  used  the 
(x>nductor  sizes  can  be  reproportioned  by  the  factors  for  relative  weights 
of  conductor  for  different  systems  previously  given. 

728.  In  the  preceding  formulae  R  is  the  ohmic  resistance  of  the 
entire  line,  but  it  has  been  shown  that  in  alternating-current  circuits 
the  relations  of  E.ii.F.,  current,  and  power  delivered  are  affected  by 
other  factors  than  simply  ohmic  resistances,  which  must  be  reckoned 
with  in  determining  the  proper  size  wire.  Every  transmission  line 
possesses  inductance  and  capacity  whose  mutual  relations  determine 
the  reactance  and  the  impedance  of  the  circuit.  The  various  receiver 
circuits  also  possess  inductance  and  capacity,  the  effect  of  which  is 
to  cause  the  current  in  the  transmission  line  to  lead  or  tag  behind  its 
E.M.F.  by  varying  amounts,  producing  so-called  wattless  currents, 
which,  while  they  do  not  demand  power  from  the  generating  station, 
must  be  recognized  in  the  heating  effect  which  they  produce.  With 
every  reversal  of  phase  the  iron  cores  of  all  transformers,  and  other 
inductances,  and  the  dielectrics  of  all  capacities  absorb  some  energy 
in  molecular  changes  which  tend  to  alter  the  phase  relations  of  the 
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line  current  and  E.M.F.  Finally  the  skin  effect  in  the  line  wire  must 
not  be  forgotten. 

724.  The  Power  Paotor.^ — ^The  ratio  between  the  true  watts  in  any 
alternating-current  circuit,  as  ascertained  by  an  indicating  watt-meter, 
and  the  apparent  watts,  or  the  product  of  the  volts  and  amperes,  is 
termed  the  "power  factor"  and  is  shown  \o  be  numerically  equal  to 
the  cosine  of  the  lag  angle  (see  page  417).  The  so-called  wattless 
currents  are  displaced  approximately  90°  from  the  energy  current 
and  so  will  be  numerically  equal  to  the  sines  of  the  lag  angles.  As 
this  displacement  is  chiefly  produced  by  various  inductances,  the  sines 
of  the  lag  angles  may  be  called  "  inductance  factors." 

Table  86  gives  the  value  of  the  power  and  inductance  factors 
for  various  lag  angles.  The  power  factor  is  used  to  determine  the 
true  energy  when  the  volt  amperes  are  known,  the  resistance  when  the 
impedance  is  given,  and  the  component  of  the  impressed  E.M.F.  which 
is  in  phase  with  the  energy  current.  The  inductance  factor  is  an  aid 
to  a  determination  of  the  quantities  which  are  in  quadrature  with 
the  energy  component. 

Table  86. 
Power  ftnd  Iodaal*iiae  nwton. 


Ajidt 

Aoala 

An«l< 

And- 

il 

^    ' 

Bdne- 
tion 

Mtor. 

4! 

Mtor.   f 

ndoc- 
tion 
actor. 

4s 

utor. 

Induc- 
tion 

FMtor. 

4. 

ndoo- 
UoB 

Lead. 

U*A. 

L«d. 

L-d. 

D^~ 

Cm. 

BiD. 

D^~ 

Co.. 

BiD. 

D^. 

c™. 

Bin. 

De.. 

C«. 

Wb. 

0908 

48 

6946 

60 

3684 

9336 

TOW 

0348 

0063 

4226 

47 

6820 

.7313 

70 

3420 

9307 

0080 

0B23 

28 

8988 

4384 

48 

ewi 

.7431 

71 

3266 

046S 

9070 

oeos 

27 

4640 

6611 

0092 

0672 

28 

8829 

4696 

6428 

.7860 

2924 

0683 

004S 

1046 

29 

8746 

4S48 

61 

8293 

.7771 

74 

2768 

eezs 

1210 

30 

8660 

62 

8166 

76 

26SS 

0903 

1392 

8S72 

6160 

63 

6018 

!7086 

9703 

wn 

1664 

82 

84S0 

6200 

64 

6878 

,8000 

3240 

0744 

0818 

1738 

33 

8387 

6446 

66 

6736 

.8101 

78 

2079 

1008 

8200 

6A02 

.8200 

70 

0818 

9781 

2079 

36 

BlOl 

6736 

67 

6446 

.8387 

80 

1738 

0848 

07M 

2249 

30 

8090 

68 

6209 

.8480 

81 

1664 

9703 

2419 

7086 

8018 

82 

9903 

2e8S 

38 

7880 

8168 

!8«60 

83 

1219 

0926 

0613 

2768 

30 

7771 

6J 

484S 

.8746 

84 

104S 

0946 

OSflS 

2924 

40 

7860 

62 

.8820 

86 

0873 

0062 

3000 

6661 

63 

4640 

.8010 

88 

0898 

0978 

3268 

7431 

eeei 

84 

4384 

.8088 

87 

0623 

0986 

20 

9397 

3420 

43 

7313 

6820 

«6 

4226 

.0063 

88 

0340 

9094 

033e 

3SS4 

6046 

86 

4087 

.0136 

0174 

22 

46 

7071 

7071 

87 

8007 

.9206 

23 

9206 

3007 

es 

3746 

.0272 
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Commercial  Power  Factors. — The  power  factor  usually  shows 
the  phase  relations  which  are  produced  between  the  current  and  E.M.F. 
by  the  kinds  of  load  which  are  placed  upon  the  distributing  system. 
If  an  alternator  suppUes  a  bank  of  lamps  close  at  hand,  the  reactance 
of  the  circuit  is  infinitesimal  and  the  power  factor  is  100%  (approxi- 
mately). If  there  is  a  long  line  with  raising  and  lowering  transformers, 
■with  lamps  near  the  secondary  terminals,  the  power  factor  at  the 
low-tension  side  of  the  lowering  transformers  will  be  100%,  but  at  the 
generator  it  will  be  decreased  by  the  reactance  of  the  line  and  the  trans- 
formers and  the  hysteresis  of  their  cores.  For  fair  average  practice, 
constants  at  from  i  to  1^  load  may  be  assumed  to  average  as  follows: 

Reactance 3i  per  cent. 

Hysteresis li     " 

Copper  loss 1       " 

Efficiency 97J     " 

Magnetizing  current 4        " 

The  addition  of  motors  of  any  kind  to  a  distributing  circuit  reacts 
seriously  upon  the  power  factor.  It  is  possible  to  wind  alternating- 
current  motors  so  that  they  will  give  about  100  per  cent,  power  factor 
at  any  predetermined  load,  but  as  the  load  decreases  or  increases  the 
power  factor  falls  rapidly.  From  i  to  i  load  the  power  factor  is 
rarely  as  much  as  50  per  cent.,  but  from  f  to  IJ  load  the  power 
factor  will  vary  from  75  to  90  per  cent.  It  Is  possible  to  add  a  con- 
denser to  a  motor  circuit,  so  that  the  reactance  of  the  condenser  may 
counterbalance  that  of  the  motor  and  thus  vastly  improve  the  power 
factor.  The  only  objection  to  this  plan  is  the  expense  of  this  apparatus. 
Rotary  converters  react  upon  the  circuit  very  much  after  the  fashion 
of  motors,  excepting  that  their  power  factors  are  lower,  as  it  is  rare 
that  the  converter  is  so  uniformly  loaded  as  the  motor. 

736.  Impedance. — ^The  impedance  of  a  circuit  has  been  shown 

to  be  numerically  equal  \jit'-|- 1  Lw— =-  )■ 

The  data  for  obtaining  resistance  R  have  been  fully  given,  as  well  as 
general  explanations  for  the  value  of  iLut—^  j- 

A  transmission  line  forms  a  special  case,  and  as  practically  it  must 
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be  designed  for  one  of  three  or  four  commercial  frequencies,  and  must 
use  commercial  sizes  of  wire,  some  short  cuts  in  calculation  are  avail- 
able. The  inductance  h  in  heniys  per  mile  for  one  wire  of  a  parallel 
circuit  of  two  copper  wires  in  a  non-ferric  environment  is  given  by  the 
following  formula,  in  which  D  is  the  distance  between  the  centers  of 
the  wires,  and  r  the  radius  of  each,  both  in  the  same  units: 

L-(80.5+7401og^)lO-« (255) 

Authorities  differ  sightly  as  to  the  coefficients  of  this  formula,  some  giv- 
ing the  value  of  85  to  the  first  term  inside  the  parenthesis  and  742  to 
the  coefficient  of  the  logarithm,  but  the  balance  of  opinion  seems  to  favor 
the  expression  as  written  above.  To  illustrate  the  use  of  this  formula 
take  the  following  example: 

726.  Example. — Find  inductance  of  5  miles  of  a  circuit  of  two 
parallel  copper  No.  000  wires  set  48  ins.  apart.  Here  r— .2048,  £)~4S 
ins. 

48 


For  1  mile  of  one  wire  Z' 

Solutions  by  I<^rithms: 
Log.        48 

.2048 


-(80.J 


.5+74 


"M^ 


10-'. 


1.6812412 
-1.3113300 


2.3699112 
740. 


=0,3747300 
=2.8692317 


Corresponding  number  -1753.8 

Add  80.5  80.5 

1834.3 
Multiply  by  lO"*  =  .0018343  henrys  per  mile 

For  five  miles  one  wire 001843x5=  .009215 

"     "       "    of  circuit 009215x2=  ,018430 
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As  inductance  is  proportional  to  current,  it  is  easy  to  deduce  it  for 
any  conductor  arrangement.  Thus  for  a  A  triphase  circuit  each  wire 
acts  successively  as  a  return  for  the  other  two,  and  compared  with  a 
single-phase  circuit  the  current  is  /v3.  Hence  the  inductance  per 
circuit  mile  is  Vs  times  the  inductance  per  wire  mile  of  a  single-phase 
line. 

727.  Hethodsof  Beduoing  Induction. — An  examination  of  £q.  255 
shows  that  the  interaxial  distance  is  a  direct  function,  hence  induction 
may  be  decreased  by  diminishing  the  distance  between  the  wires. 
Obviously  in  open-wire  lines  at  high  pressure  it  is  possible  to  carry  this 
out  but  to  a  very  limited  extent,  but  in  a  cable  where  the  wires  can 
be  placed  close  together  and  twisted  about  each  other  the  induction 
becomes  insignificant,  and  if  a  concentric  cable  be  used  the  effect  of 
one  conductor  entirely  annuls  that  of  the  other.  The  drop  due  to 
inductance  may  be  reduced  by  subdividing  the  conductor,  that  is,  by 
using  several  wires  whose  combined  area  and  weight  are  the  same  as 
that  of  the  required  single  conductor.  This  is  shown  by  the  following 
example: 

728.  Assume  a  circuit  1  mile  long  of  two  No.  0000  wires  set  72  ins. 
apart.  Frequency  100;  amperes  50.  The  constants  of  such  a  mile 
of  No.  0000  are  as  follows: 

PerMileof  Wii«.  Per  Mile  of  Circuit, 

Resistance 258  ohms  .516  ohms 

Inductance 1 . 930  miUihenrys  .00386  henrys. 

Circular  mileage 211600 

Impedance V.  516* +(2X3. 1415X100x700386)'=    2.44ohms 

Drop  due  to  resistance, 50X   .516=  25.8  volts 

Total  drop 50X2.44  =122.0    " 

Substitute  eight  No.  6  wires  in  parallel.    Constants  for  one  No.  6  wire: 

Per  Mile  of  Wire.  Per  Mile  of  Circuit, 

Resistance 2.083  ohms  4. 166  ohms 

Inductance. 2. 266  miUihenrys  .004532  henrys 

Circular  mileage 26251 

Resistance  of  eight  No.  6  wires  in  parallel -~^ —  —  .5207  ohms 

Total  circular  mileage 26251x8=210008 
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So  e^t  No.  6  wires  have  about  the  same  weight  and  resistance  as  one 

No.  0000. 
Impedance  of  one  No.  8  =  \/4.166'+{2x3.1415xi00x  .004532)' - 

5 .  044  ohms. 

The  current  in  each  wire  is^=6.5  amperes. 

ResisUnce  drop  per  wire 4.166X6.5-27.079  volts 

Total  drop 5.044x6.5-32.786     " 

In  both  cases  the  resistance  drop  is  about  the  same;  while  the  total 
drop  is  more  than  four  times  as  great  with  the  single  large  wire. 

729.  Uutual  ladootion. — By  the  principles  of  mutual  induction 
the  lines  of  different  alternating  circuits  may  if  placed  on  the  same 
pole  line  for  long  distances  react  on  each  other  sufficiently  to  seriously 
interfere  with  satisfactory  operation.  The  effects  of  mutual  induc- 
tion usually  manifest  themselves  by  causing  objectionable  flickering 
of  lamps  and  other  abnormal  functioning  of  the  receivers.  The  best 
remedy  is  to  transpose  the  wires  of  the  perturbing  circuits.  The  theory 
of  the  transposition  has  been  fully  explained  in  Chap.  III.  The 
application  to  alternating-current  power  circuits  differs  from  the 
methods  there  outlined  only  in  the  mechanical  details  necessary  to 
handle  large  and  heavy  wires,  and  that,  owing  to  the  decreased  number 
of  circuits  on  each  pole  and  the  insensitiveness  of  power  circuit  receivers, 
it  is  sufficient  to  transpose  each  circuit  two  to  four  times  in  its  entire 
length,  unless  this  be  very  great. 

780.  Capaoitr. — The  capacity  of  one  wire  of  a  circuit  of  two  parallel 
conductors  may  be  calculated  either  with  reference  to  the  other  conductor 
or  with  reference  to  the  earth.  For  underground  cables  both  capacities 
are  approximately  the  same,  but  for  aerial  lines  there  is  a  sensible 
difference.  The  following  formula  are  generally  accepted  as  giving 
capacity  with  practical  accuracy. 

Case  I. — Underground  Cables.  Capacity  Conductor  to  Conductor 
or  Conductor  to  Earth. 

C  (mf.  per  mile) -^^=^2^ (256) 

where  Z>  =  diameter  of  cable  (internal  diameter  of  sheath); 
d=       "        "  conductor,  both  in  the  same  units; 
K  =  specific  inductive  capacity  of  insulation  (Table  74). 
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CaseII. — Aerutl  Lines.    Capacity  to  Earth  (oat  wire). 

038S3 
C(mf.  per  mile)  =^^^^ (257) 

fc- height  above  ground; 

ii= diameter  of  conductor,  both  in  the  same  units. 

Case  III. — Aerial  Lines.     Capacity  Wire  to  Wire. 

As  most  transmission  lines  are  of  open  wire,  the  capacity  effect 
between  the  various  conductors  becomes  of  much  importance. 
Various  authorities,  who  have  treated  this  subject,  are  not  as 
explicit  in  their  language  as  could  be  desired,  nor  do  their  results 
perfectly  harmonize  among  themselves.  Probably  the  discrepancies 
are  largely  due  to  point  of  view,  and  on  the  whole  it  appears 
advantageous  to  consider  the  question  of  capacity  something  as 
follows: 

Take  a  system  of  two  wires.  One  conductor  will  be  positive 
and  the  other  negative.  If  a  hne  be  drawn  through  the  centers  of 
these  conductors,  the  potential,  starting  at  positive  conductor,  will 
decrease  to  zero  at  the  middle  point  between  them  and  then  increase 
to  corresponding  negative  potential  at  the  other  wire,  and  thus 
there  will  be  a  neutral  point  of  zero  potential  midway  between  the 
conductors.  Heaviside*  shows  that  the  capacity  of  one  mile  of 
one  wire  referred  to  the  neutral  point  is  given  by  the  expression 


in  which  D  is  the  distance  between  centers  of  the  conductors  and 
d  the  diameter  of  each  one,  both  expressed  in  the  same  units. 
Obviously  there  will  be  a  similar  capacity  between  the  other  wire 
and  neutral  point.  Now  it  is  easy  to  imagine  these  two  capacities 
replaced  by  a  pair  of  little  condensers,  so  the  total  capacity  between 
the  wires  will  be  the  sum  of  these  little  condensers.  As  they  are 
in  series,  this  is  equivalent  to  one-half  the  sum  of  the  capacities  of 


•  Electrical  Fapen,  kA.  I,  page  48. 
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each  wire  referred  to  the  neutral  point,  and  thus  the  capacity  of  one 
mile  of  a  two-wire  circuit  will  be  half  the  capacity  of  each  wire  taken 
singly  to  neutral.  Dr.  Perrine  *  shows  that  the  capacity  of  a  network 
of  conductors  is  the  same  as  the  capacities  between  the  wires  and 
the  neutral  point,  and  confirms  this  mathematical  deduction  by  a 
series  of  exhaustive  experiments.  Hence  it  is  easy  to  see  that  the 
capacity  per  mile  of  a  three-phase  circuit  is  the  capacity  of  one  wire 
to  neutral. 

781.  Example. — Find  the   capacity    of  a  two-wire  circuit  of 
No,  000  set  18    ins.  apart,  five  miles  long. 
Solution  by  logarithms: 
Wire  000;  d~  .4096;  Z?=  18  inches;  2/?=  36  inches. 
—       -0888 
*"",       2X18 

c  =  log  .0388  —  log  (1(^  36  —  log  .4096) 

I     Log  86  =       1.5S63025 

"      0.4096      =  —  1.6123599 

1.9439426 

"         .0388        =  —  2.58883 

"      1.9439426  =       0.2886789 


.3001578  =  .01996 

^  c=  .01996  mf.  per  mile  one  wire  ta  neutral 

j  .01996 

'  Capacity  per  circuit  mile  =  — ^ —  =  .00998 

Capacity  for  five  miles  =  .00998  X  6  =  .0499 
782.  The  preceding  formula  enable  the  designer  to  calculate  the 
inductance  and  capacity  of  any  circuit  of  two  parallel  lines.  For  the 
inductance  of  a  circuit  mile  of  two  wires  multiply  the  respective  in- 
ductances given  by  the  formula  for  one  wire  by  2.  For  the  induct- 
ance of  a  triphasc  circuit  multiply  the  inductance  of  one  wire  by  ^3^ 
The  capacities  given  by  the  formula  are  capacities  of  one  wire.  The 
capacities  of  two  wires  are  found  by  dividing  by  2.  For  a  triphase 
circuit  the  formula  gives  the  capacity  of  each  wire,  and  this  is  the 
same  as  the  capacity  per  circuit  mile. 

•  Tranuctioiu  of  Americu  Sodet)'  of  E.  E.,  VLij  18,  IMOi 
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Table  No.  87. 
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733.  To  obviate  labor  of  calculation  Table  No.  87  gives  in- 
ductances and  capacities  calculated  by  above  formulae  for  Nos.  OOOO 
to  8  wire,  inclusive,  and  for  interaxial  distances  from  12  ins.  to  72  ins. 

Knowing  the  inductance  and  capacity,  the  impedance  can  be  cal- 
culated for  any  frequency.  But  in  making  such  calculations  it  must 
be  remembered  that  the  inductance  and  resistance  are  in  series  with 
each  other,  while  the  capacity  acts  as  if  it  were  a  shunt  between  the 
conductors,  and  is  not  in  series  with  the  resistance  and  inductance. 
Therefore  the  true  impedance  of  a  transmission  line  is  the  vector  sum 
of  the  impedance  due  to  resistance  and  inductance  in  series,  and  that 
of  the  capacity  in  parallel  therewith.  Theoretically  each  element 
of  the  length  of  the  line  has  an  element  each  of  resistance,  induct- 
ance, and  capacity,  and  hence  all  three  should  be  taken  as  uniformly 
distributed  over  the  whole  length  of  the  circuit.  This  greatly  com- 
plicates the  mathematical  formula  for  calculating  line  properties. 
An'"approximate  method  sufficiently  accurate  for  most  practical 
w'ork  is  that  of  assuming  the  entire  capacity  concentrated  at  the 
center  of  the  line.  The  practical  effect  is  threefold ;  1st,  the  induct- 
ance increases  the  apparent  resistance,  causing  a  greater  drop  than 
that  called  for  by  the  ohmic  resistance;  2d,  the  current  is  made  to 
lag  and  the  power  factor  to  decrease ;  3d,  the  capacity  demands  cur- 
rent with  every  alternation  to  charge  the  line  as  a  condenser,  and 
while  little  power  is  lost  thereby,  this  charging  current  must  never 
be  overlooked  in  estimating  heating  effects.  Finally,  in  the  design 
of  all  switching  apparatus  the  liability  of  the  line  to  dischat^e  must 
be  reckoned  with.  The  impedance  per  unit  of  length  of  line  is 
obtained  at  once  from  the  expression  v^'+(2««/.)';  the  conden- 

sance  is  ^ — pr;  hence  the  charging  current,  /=  EInnC. 

784.  A  distance  of  18  ins.  between  wires  is  found  sufficient  for  a 
pressure  of  10,000  volts,  and  has  been  widely  adopted  in  electric-railway 
lines.  To  save  calculation  Table  No.  88  is  calculated  from  the  pre- 
ceding formulas  (originally  prepared  by  the  General  Electric  Co.),  con- 
taining data  for  wires  from  Nos.  0000  to  8  for  an  interaxial  distance 
of  18  ins. 

786.  The  way  is  now  prepared  to  exhibit  the  complete  calculation  of 
a  transmission  line,  which  may  be  best  accomphshed  by  an  example. 
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Ooiutanto  for  TtuiaiiiiMlan  I 


I  UiLi  or  Wntx. 
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230  21ie00 
2US  167805 
183  133070 
163  10S5B2 


Intanzkl  ditUnca,  IS  ioi 
£-.B06  +  .74Iloi  -; 


XCEXID-*,  Kbonn 


-6.2SX100XCX  10000  -BMC; 
-•.m.t.  between  Una  and  neulni:  that  la, 

20000  voltfl  ungle  phaaa; 

17300  volts  triphaaa; 
-2X3.H16X»XtX10-»j 
S.28XnXL 


Assume 

(1)  Amount  of  power  to  be   transmitted  4,000  H.P.— 3,000  kw. 
(approximately). 

(2)  Distance  L=  15  miles. 

(3)  Permissible  total  loss  25  per  cent. 

(4)  Character  of  service  mixed  load,  li^ts  and  motors.    Power 
factor,  say  85  per  cent. 

(5)  System  triphase.    A  connected.    60  cycles. 

(6)  Pressure  at  receiving  end  15,000  volts  between  wires. 

(7)  Transformers  to  have  the  following  average  characteristics; 

Efficiency 97  per  cent. 

Copper  Loss —    1        " 

Hysteresis 2         " 

Reactance. 3J       " 

Magnetizing  Cursent 4         ** 
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(8)  Distributing  mains : 

Resistance. 3  per  cent. 

Inductance 3         " 

The  following  general  characteristics  can  at  once  be  obtained: 

Pressure  between  any  wire  and  neutral — -T=r-  — 14430  volts. 

3000 
Energy  delivered  by  each  branch —5— —1000  kw. 

1000000 
Volt-amperes  delivered  by  each  branch — 5= —  =  1176470 

Amperes  in  each  branch 14430  —81.6,  say  82. 

Assume  drop  due  to  ohmic  resistance  in  each  branch  to  be  10  per 

14430 

cent,  of  pressure  to  neutral  or  — jTp — 1443  volts. 

1443 
As  this  drop  is  equal  to  RI,  /t—-2s-- 17.66  ohms. 

As  each  branch  is  15  miles  long  the  resistance  per  mile  is  --A'  — 
1.174  ohms. 

From  Table  No.  88' this  mileage  resistance  is  seen  to  be  betweoi  s 
No.  3  and  No.  4  wire.  It  is  preferable  to  choose  the  larger  commercial 
size  to  allow  for  sag  and  resistance  of  joints,  etc. 

From  Table  No.  88  the  following  mile^e  constants  are  obtained 
for  a  No.  3  wire: 

Resistance. 1 .067     ohms 

Inductance 1.70S     heniys 

Capacity 01761  mf.  for  one  wire 

Reactance 644     ohms 

Charging  current-6.28x60x.0176Xl4430xlO-*-.0956  a 
Each  branch  will  have  the  following  properties: 

Resistance. 1.067  X15-16.05    ohms 

Inductance. 1.709  X15-25.62    henrya 

Capacity. 0176X 15-     .264  mf. 

Reactance 644X15-9.66    ohms 

Charging  current 0956X15-1.35    amperes 
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To  trace  the  distribution  of  the  E.Id.F.  current  and  the  phase 
relations.  Table  No.  89  may  be  formed.  To  calculate  this  table  the 
whole  system  is  to  be  reduced  to  a  unifonn  pressure  by  multiplying  each 
portion  by  the  corresponding  ratio  of  transformation,  thus  reducii^ 
all  parts  to  the  line  pressure.  Obviously  current  quantities  are  changed 
in  an  inverse  ratio.  Then  the  table  is  calculated  by  starting  with  the 
secondary  circuit  and  calculating  the  energy  and  induction  compo- 
nents, and  current  values  for  each  jwrtion  successively,  and  summing 
as  the  work  progresses.  The  calculation  could  be  made  graphically 
by  the  methods  of  Chapter  IX  equally  well. 

Table  No.  89. 


Cwnrrr. 

^-"■Co--— 

Cdmucht. 

&-r„. 

1M«.6 

7H)3.a 

aa.o 

144.3 

COS. 06 

HyH«wil« 1*%X        83 

1H09.8 
133S.84 

8O0S.SS 

SM.O 

83.33 

Lira. 

13746.04 

leaa.e 

8813.aS 

83.33 

V(i3746)>-t-(B8l3)>-ia3Z9TolU  >t  tannlnalj  oi  ,\fv- 

163TS.M 

B3H.15 

S4.48 

From  this  analy»s  it  is  seen  that  the  pressure  between  the  leads 
:at  the  generator  must  be  18015^3-31202  volts. 

The  energy  dehvered  by  the  generator  is  15378X84.5X3-3898.3  kw. 
The  energy  in  the  secondary  ciroiit  is  12265.5x82x3-3017.3  kw. 

Power  efficiency-_5QQ^-77.4  per  cent. 

12265.5X82     „„  ^ 
Power  factor— .oj^.c..oj-;— 66.00  per  cent.  ^ 
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738.  The  following  method  of  rapidly  arriving  at  the  quantity  of 
conductor  material  for  a  given  line,  and  determining  the  size  of  wire 
from  the  weight,  has  been  developed  by  the  General  Electric  Co.     As 

Table  No.  90. 


ly  Google 


POLYPHASE    TRANSMISSION.  623 

the  weight  of  electric  conductors  decreases  as  the  square  of  the  potential 
employed  and  increases  as  the  square  of  the  distance,  one  may  divide 
the  potential  by  the  distance,  and  obtain  a  convenient  figure  which  can 
be  used  for  all  potentials  and  distances.  The  curves  of  Table  No.  90 
furnish  a  ready  means  of  obtaining  the  amount  of  copper  required 
for  a  given  power  transmission.  The  figures  on  the  curves  indicate 
volts  per  mile,  i.e.,  potential  of  line  at  generator  divided  by  distance 
in  miles.  The  weight  of  copper,  potential  and  line  loss,  are  in  terms 
of  the  power  delivered  at  the  end  of  the  line,  and  not  of  generated 
power.  The  curves  are  only  for  three-phase  current  with  100  per  cent, 
power  factor.  Two-phase,  single-phase,  or  continuous  current  trans- 
mission requires  one  third  more  copper.  Five  per  cent,  has  been 
allowed  for  sag,  in  weights  of  copper  given. 

Example.— Assume  that  1,000  kw.  at  10,000  volts  are  to  be  deliv- 
ered over   a  three-phase    line   10  miles   long   vrith  5    per  cent,  loss, 

10,000  volts 

—^ — T. =  1,000  volts  per  mile.     Looking  for  the  1,000-volt  curve  we 

find  5  per  cent,  hne  loss  corresponds  to  57  lbs.  of  copper  per  kilowatt 
delivered. 

1,000  kw.X  57 =57,000  lbs.  If  copper  costs  20  cents  a  pound,  the 
cost  wiU  be  57,OOOX$.20-$11,400. 

The  proper  size  <rf  wire  is  determined  by  dividing  total  weight  by 
total  wire  mileage,  and  ascertaining  the  size  from  Table  No.  5  as  fol- 
lows: 

57,000 -5-3X10-1,900  lbs.  per  mile. 

This  is  a  little  latter  thao  No.  0  wire  and  a  Uttle  smaller  than 
No.  00  wire. 
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CHAPTER  XVIII. 

THE  COST  or  PRODVCTION  AKD  DIBTRIBUTZOir. 

787.  The  problem  of  determining  the  cost,  either  of  an  installa- 
tion for  the  distribution  of  energy,  or  the  price  of  producing  that 
energy,  is  one  containing  so  many  factors,  each  of  which  are  varia- 
bles within  so  wide  limits,  and  are  so  modified  and  controlled  by  local 
circumstances,  that  a  general  solution  is  an  impossibility.  Yet  to 
afford  some  assistance  toward  an  approximate  general  solution  under 
conditions  which  are  likely  to  be  frequently  realized,  and  to  enable 
the  designer  to  obtain  figures  necessary  for  the  application  of  the 

Table  No.  91. 
Coat  of  Conductors. 
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economical  formulae  gives  io  Chapters  XIV.  and  XV.,  the  following 
data  are  presented. 

788.   Cost  of  Ccmduotors.  —  In  Chapter  XIV.,  U  has  been  shown 


Table  No.   91   {Continued). 
Coat  o(  CoDdnoton. 
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that  the  cost  of  conducting  mains  may  be  expressed  by  an  equation 
of  the  form  of  y=a-\-bx. 

In  sheets  A,  B,  C,  D,  E,  and  F,  Table  No.  91,  are  given  the 
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627 


curves  calculated  by  the  foregoing  equation,  for  a  number  of  the 
more  common  electrical  conductors.  In  determining  these  curves, 
the  cost  of  copper  has  been  estimated  at  seventeen  cents  per  pound, 
and  the  cost  of  the  various  kinds  of  insulation  determined  from  the 
manufacturer's  current  price-list,  without  any  attempt  at  the  inclu- 

Table  No.  91   (Continued). 
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COPPER-AREA  IN  SQUARE  INCHES. 

sion  of  the  various  trade  discounts,  which  are  factors  too  uncertain 
to  be  embraced  in  tabular  values  of  this  kind.  All  of  the  curves  are 
plotted  with  the  axis  of  x  as  the  function  of  conductor  area  in  square 
inches,  while  the  axis  of  y  indicates  the  cost  in  dollars,  per  mile, 
for  the  corresponding  areas.     On  sheet  A  will  be  found  curves  for 
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underwriters'  line  wire,  weather-proof  wire,  compound  insulated  wire, 
electric-light  cables,  and  telephone  cables.  In  the  case  of  the  first 
four  curves,  the  copper  areas  are  square  inches  of  conductor  section 
for  the  whole  cable.     In  the  case  of  the  telephone  cables,  the  copper 

Table  No.   91  {Continued). 
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area  is  the  sum  of  the  areas  of  all  of  the  conductors  included  in  the 
cable,  it  being  hardly  necessary  to  state  that  the  individual  conduc- 
tors are  insulated  from  each  other,  in  order  to  render  them  applicable 
to  telephone  service.     In  sheets  B  and  C,  two  other  series  of  curves 
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are  given.  In  sheets  D,  F,  and  G  will  be  found  some  of  the  more 
prominent  cables  made  by  English  manufacturers;  the  prices,  how- 
ever, correspond  very  closely  to  those  of  American  make. 


Table  No.  91  (Continued). 
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789.  Cort  of  OondiiltB- — In  Chapter  XIV.  it  was  shown  that  the  cost 
of  conduit  systems  could  be  expressed  by  an  equation  similar  to  that 
of  copper  conductors  of  the  fonn  y  =  o'+y.-c. 

On  sheets  W  and  Z,  Table  No.  92,  curves  for  the  cost  of  underground 
conduits  more  commonly  used  in  this  country,  consisting  of  10"XlO" 
tcrra-cotta   pipe,   5"x5"   single-duct   tena-cotta  pipe,   cement-lined 


D.s  z..i,yCoogie 


I-HB  ELECTRICAL    TKAlfSMISSIOHf  OF  ENERGY^ 


Table  No.  92. 
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pipe,  and  iron  pipe,  are  indicated  in  a  similar  manner.  In  calculating 
the  cost  of  conduit,  the  prices  of  ducts,  per  foot,  are  assumed  as  they 
would  average  at  any  one  of  the  larger  cities,  either  along  the  Atlantic 
Coast,  or  east  of  the  Mississippi  River.    Prices  of  labor  are  estimated 
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at  (2.00  per  day;  the  cost  of  repaving  for  macadamized  streets  at 
60  cents  per  square  yard,  -wooden  paved  streets  at  $1.00  per  square 
yard,  and  granite  paved  streets  at  $1.50  per  square  yard,  10  per  cent, 
allowance  being  made  for  waste  and  loss  in  paving  materials.  The 
manholes  have  been  estimated  at  intervals  of  300  ft.,  and  are  supposed 
to  be  5  ft  wide,  7  ft.  long,  and  5  ft.  in  depth,  with  8"  common  brick 
walls  laid  in  hydraulic  cement.  The  conduits  have  been  estimated 
at  an  average  depth  of  3  ft.  below  the  surface  of  the  ground,  with  no 
special  allowance  for  the  removal  or  replacement  of  complicated  under- 
ground structures. 

740.  While  the  data  given  on  sheets  W  and  Z  are  averse  conduit 
cost,  it  is  impracticable  to  express  the  cost  of  conduit  as  a  simple  linear 
function  of  the  number  of  ducts  installed,  because  a  very  slight  con- 
sideration will  show  there  are  a  number  of  items  entering  into  con- 
duit expense  which  do  not  vary  with  the  number  of  ducts,  or  at  least 
not  in  any  direct  proportion.  The  cost  of  manholes,  engineering 
expenses,  watching,  and  lighting  streets,  will  be  entirely  independent 
of  the  number  of  cable  spaces  provided  in  the  conduit.  To  afford 
sufficient  room  for  the  workmen  to  perform  their  avocations,  a  trench 
at  least  18  inches  in  width  must  be  opened  and  corresponding  strips 
of  pavement  removed.  This  is  irrespective  of  whether  one  or  many 
ducts  are  to  be  installed  therein.  So  an  accurate  estimate  of  conduit 
cost  can  only  be  obtained  by  taking  the  separate  items  and  combining 
them  for  each  case  by  itself. 

741.  Oost  of  HanholM. — ^What  may  be  termed  the  standard  man- 
hole is  a  chamber  about  7  ft.  long,  5  ft.  wide,  and  5  ft.  high.  If 
built  of  brick  the  minimum  price  will  be  $50.00,  the  average  price 
$78.00,  and  the  maximum  price  $109.00,  varying  with  the  locality  and 
cost  of  labor  and  material.  If  constructed  of  concrete  the  minimum 
price  will  be  $44.00,  the  average  price  $72.00,  and  the  maximum  $104.00. 
To  install  a  sewer  connection  in  the  bottom  of  a  manhole  will  for 
minimum  price  cost  $13.00,  average  $26.00,  and  for  maximum  $42.00. 
Based  on  the  preceding  prices  the  cost  per  street  foot  for  manholes 
will  depend  upon  the  distance  allowed  between  them,  as  shown  in 
Table  No.  93. 
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Table  No.  93. 
0<Mt  par  BtTMt  Foot  tor  MmIioIm  In  DolUn. 
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748.  CoBt  of  Street  Work. — Experience  has  shown  that  the  cost 
of  removing  and  replacing  pavements,  the  necessary  excavations, 
engineering  expense,  and  removal  of  obstacles  is  sensibly  the  same 
for  all  conduits  containing  from  1  to  9  ducts.  For  from  10  to  16  ducts 
the  cost  of  the  above  items  is  increased,  because  a  wider  and  deeper 
trench  is  needed,  but  cost  is  sensibly  constant  for  subways  between  these 
limits.  Similarly  for  from  17  to  25  ducts  expense  is  again  augmented. 
Table  No.  94  shows  the  cost  of  these  items  per  street  foot. 

Table  No.  94. 
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746-  Cost  of  Diiot  Material. — ^The  cost  of  duct  material  in  place, 
including  labor  of  laying,  necessary  concrete,  etc.,  is  found  to  be  as 
in  Table  No.  95. 

Table  No.  95. 
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747.  OoBt  of  PoIe-LineB.  —  In  Table  No.  96;  the  average 
cost  of  the  construction  of  pole-lines  such  as  would  be  suitable, 
<rf  cross-arms  complete  with  insulators,  and  the  cost  of  stringing 
bare  wire,  not  over  No.  8  gauge,  either  iron  or  copper,  is  indicated 
From  the  figures  here  given,  it  is  reasonable  to  assume  that  an 
average  estimate  of  the  cost  of  line  construction  may  be  made  when 
the  number  of  wires  to  be  strung  is  determined  upon. 

748.  Railway  Lmea  —  The  cost  of  building  electrical  railway 
lines  may  be  divided  into  two  parts,  the  cost  of  the  trolley  line 
proper,  and  the  cost  for  the  necessary  feeds,  and  the  erection  of  the 
same.     A  trolley  line  for  a  double-track  road  with  wooden  poles,  using 

Table  No.  96. 
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one  of  the  cheaper  style  brackets,  may  be  built  for  from  $800.00  to 
€1,200.00  per  mile.  If  iron  poles  are  used,  the  cost  will  be  from 
*1,200.00  to  $1,600.00  per  mile.  These  figures  presuppose  center- 
pole  construction.  If  side-pole  construction  is  used,  the  cost  for 
wooden  poles  will  be  increased  by  about  iS200.00  per  mile,  while  the 
cost  for  iron  poles  will  be  augmented  by  from  $400.00  to  $600.00  per 
mile.  The  cost  for  stringing  feed-wires,  including  insulators,  pins, 
arms,  etc.,  will  vary  from  $50.00  to  $100.00  per  mile,  depending  upon 
the  number  of  feeds  and  the  size  of  the  wire.  A  detailed  estimate  of 
the  cost  of  overhead-line  work  will  be  found  in  Table  No.  97. 
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748.  ZleotritN-Boilwa;  Xxpenies. — The  cost  of  operating  electric 
railways  depends  upon  the  road,  the  kind  of  service  and  care  and 


Table  No.  98. 
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skill  exercised  in  administration,  and  also  varies  very  gieatly  with 
the  type  of  the  road,  whether  it  be  an  urban,  subuiban,  or  Jntenirban 
line.  The  U.  S.  Census  Office  has  just  completed  an  analysis  of  all 
the  electric  railways  in  the  United  States,  from  which  the  data  in 
Tabu:  No.  98  are  compiled,  giving  averages  of  the  operating  data 
from  all  the  electric  railways  in  this  country. 

7B0.  TMrd-Ball  SyBtem. — According  to  present  practice  it  is  cus- 
tomary for  electric  railways  using  the  third-rail  system  to  establish 
rotary  sub-stations  at  intervals  of  from  10  to  20  miles  and  to  feed  from 
each  sub-station  direct  current  in  both  directions  over  a  distance  of 
from  5  to  10  miles,  so  that  the  third  rail  becomes  at  once  the  con- 
ductor and  distributor  for  all  electricity  delivered  to  the  cars.  To 
install  the  third  rail  it  is  necessary  to  provide  for  each  mile  about  500 
extra-long  ties,  a  corresponding  number  of  insulators,  the  third  rail,  its 
fastenings  and  bonds,  and  the  necessary  labor  of  installing  the  same. 
The  cost  of  the  ties,  insulators,  bonds,  and  labor  will  be  approximately 
the  same  whatever  size  or  form  of  rail  is  used.  Theoretically  the 
conducting  power  required  in  the  rail  will  depend  upon  the  number, 
weight,  and  speed  of  the  cars  to  be  operated  on  each  section  of  road, 
and  the  number  of  stops  and  rate  of  acceleration.  The  selection 
of  the  rail  is  very  often  governed  by  local  market  conditions,  which 
may  enable  the  railway  to  purchase  second-hand  rails  of  perhaps  a  con- 
siderably greater  section  than  is  indicated  by  the  actual  quantity  of 
conductor  material  required  for  the  particular  service.  Many  third- 
rail  systems  have  purchased  so-called  "relayer  rails,"  namely  those 
which  have  previously  served  a  reasonable  life  as  nmning-rails,  and 
while  possibly  too  much  worn  for  service  in  the  main  road-bed,  are 
amply  sufficient  to  serve  as  conductors  and  distributors  for  current 
to  the  cars.  It  has  been  shown  in  Chapter  III  that  the  conductivity 
of  steel  varies  very  greatly  with  its  constitution,  and  this  factor  must 
not  be  forgotten  in  designii^  the  proper  section  to  be  ^ven  to  a  third 
raiL 

761.  Table  No.  99,  from  a  paper  prepared  by  Mr.  Gonzenbach,  ex- 
hibits the  relative  and  actual  cost  of  the  third  rail  and  trolley  lines  of 
equal  electrical  conductivity.*  There  are  four  curves  in  this  table, 
curve  A  showii^  the  cost  of  the  third  rail  alone,  curve  B  that  of  the 

•  street  Railway  Joani«l,  voL  81,  p.  878. 
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tiiird  rail  including  pole  line  for  high-tension  wires,  curve  C  gives  the 
cost  of  the  ordinary  trolley  line,  while  curve  D  includes  the  eipense 
of  tall  poles  to  cany  the  high-tension  lines. 

Table  No.  99. 
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7B3.  Cost  of  Power-stations. — ^The  cost  of  power-stations,  exclud- 
ing the  expense  for  real  estate  and  buildings,  varies  greatly  with 
the  type  of  prime  mover  employed,  with  the  conditions  necessary 
to  obtain  good  foundations,  and  with  other  local  circumstances.  The 
following  figures  are  fair  averages: 

Table  No.  100. 

Cost  of  Po wM-BUtloni  ■ 

High-Speed  simple  engines »10.00  to  S15.00  per  H.  P. 

High-speed  compound  engines       ....  12.00  to  30.00  per  H.  P. 

Condensing  engines 15.00  to  25.00  per  H.  P. 

Triple-expansion  engines 20.00  to  30.00  per  H.  P. 

Boilers,  horizontal  iron  tubular      ....  S.OO  to  12.00  per  H.  P. 

Boilers,  vertical  iron  tubular 11.00  to  14.00  per  H.  P. 

Boilers,  water-tube  safety 15.00  to  25.00  per  H,  P. 

Dynamos 20,00  to  30.00  per  H,  P, 

Sondries 10.00  to  20.00  per  H.  P. 
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768.  Averages  taken  from  a  large  number  of  stations  throughout 
the  country  show  that  a  minimum  cost  of  about  $90.00  per  kilowatt  of 
electrical  output  is  the  least  which  can  be  expected,  an  average  cost 
of  $110.00  per  kilowatt  is  frequent,  while  it  is  only  the  exceptional 
station  which  costs  over  $130-00  per  kilowatt  for  station  machinery. 
From  statistics  compiled  by  the  United  States  Census  the  average 
cost  of  the  electric-lighting  plants  in  the  United  States  is  found 
to  be  $296.00  per  horse-power  of  plant.  This  includes  all  the 
investment  required  to  cover  the  entire  construction  of  the  generat- 
ing plant,  the  distributing  system,  and  the  installation  of  lamps. 
Operatii^  statistics  are  as  shown  in  Table  No.  101. 

Table  No.  101. 

AT«nc*  StetiatlM  ftom  TTnllwd  StatM  KImMo  PUnta. 

Gross  receipt!  per  kilowatt  hour 8.4M  cents 

Total  eipeiiM  per  kilowatt  hour 3,748      " 

L^bor  expense 87.4  per  cent 

Fuel  and  supplies 41.4       " 

Miscellaneous  expense 21,2       " 

Ratio  of  operating  expenses  toreccipt* 79.8       " 

These  costs  include  all  expenses  necessary  to  the  production  and 
distribution  of  electricity,  excepting  taxes. 

764,  The  United  States  Commission  of  Labor  has  compiled  sta- 
tistics from  over  950  electric-lighting  plants  of  all  descriptions.  These 
statistics  show  installation  costs  in  detail,  and  from  them  Table  No.  102 
is  compiled.  Upon  this  table  curve  A  shows  the  installation  cost 
per  H.  P.  of  capacity.  This  installation  cost  covers  land,  buildings, 
and  steam-plant,  including  engines  and  boilers;  electric  plant,  covering 
dynamos,  switchboards,  and  transformers,  and  the  cost  of  the  dis- 
tributing system.  The  left-hand  vertical  axis  of  the  table  shows  the 
average  cost  per  H.  P.  for  the  entire  plant,  while  the  horizontal  scale 
shows  the  rated  capacity  of  the  engines  employed.  Curve  A  shows 
that  the  cost  of  plant  for  engines  of  50  H.  P.  is  about  $175.00  per  H.  P. 
The  cost  then  drops  to  $120.00  with  engines  of  150  H.  P.,  and  thence 
the  curve  rises  to  a  cost  of  about  $290.00  with  engines  of  3000  H.  P. 
There  are  two  factors  which  effect  the  variation  in  cost  with  the  size 
of  plant  and  size  of  engine.  Small  plants  are  proportionally  more 
expensive  per  unit  of  rated  capacity  than  medium-sized  ones,  because 
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the  cost  of  machinery  is  greater  for  small  sizes  than  for  larger  ones, 
and  the  corresponding  expense  of  both  bmldings  and  real  estate  is 
greater;  but  as  plants  increase  in  ^ze,  while  the  cost  per  unit  of  capacity 
for  central-station  machinery,  land,  and  buildings  decreases,  stations 
become  more  complicated  and  a  greater  variety  of  machinery  is  required, 
and  that  of  a  better  grade  is  used.  Also  the  distributing  system  becomes 
much  more  expensive  for  a  large  station  than  for  a  small  one.  This 
increase  id  expense  is  partly  due  to  the  necessity  of  employing  a  greater 
amount  of  conductor  material  to  cover  a  large  territory,  but  is  also 
attributable  to  the  necessity  for  a  more  expensive  type  of  construc- 
tion in  a  large  city  than  in  a  small  country  town  and  to  the  greater 
complexity  where  large  territories  are  covered;  to  the  employment 
of  an  alternating-current  system  necessitating  either  static  or  dynamic 
sub-stations  and  corresponding  increase  in  initial  investment.  Table 
No.  102  (see  p.  639)  contains,  in  addition,  four  other  curves,  denomin- 
ated B,  C,  D,  and  E.  The  horizontal  scale  for  these  curves  is  the  same 
as  that  for  curve  A,  while  the  vertical  scale,  given  on  the  right-hand  side 
of  the  sheet,  is  written  in  percentage.  The  object  of  these  four  curves 
is  to  show  what  proportion  of  each  size  of  plant  may  be  attributed  re- 
spectively to  land  and  buildings,  central-station  steam  machinery, 
central-station  electric  machinery,  and  distributing  system. 

756.  CoetoflnataUingondOperatingAro-IdglitingFlBnts. — ^Plants 
for  supplying  arc  lighting  form  a  special  class  of  electric-lighting  cen- 
tral stations:  but  the  load  line  of  arc  plants  differs  from  that  of  an  incan- 
descent station  in  showing  little  or  no  peak.  City  arc  plants  usually 
show  nearly  constant  line  from  one  hour  after  sunset  to  one  hour  be- 
fore sunrise.  Suburban  plants  often  cut  off  commercial  arcs  at  from 
9  to  11  o'clock  and  often  run  on  moonlight  schedule  or  moonlight 
and  sunset  to  midnight  schedule,  but  even  under  such  handicaps 
the  load  factor  of  arc  plants  is  usually  rather  better  than  that  of  an 
incandescent  plant  in  a  similar  location. 

The  cost  of  installing  and  operating  an  arc-lighting  plant  upon 
the  various  systems  which  are  now  in  current  use  has  been  carefully 
studied  by  Mr.  H.  H.  Waite.*  Tables  Nos.  103  and  104  are  com- 
piled from  Waite's  investigations. 

766.  The  Steam  TurblBe,  — The  steam  turbine  as  a  prime  mover 
in  place  of  the  reciprocating  steam-engine  is  attracting  much  atten* 
•Ttant.  A.  M.  Inst  E.  B.,  toL  xri,,  p.  S55. 
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.  tioQ,  but  there  are  as  yet  not  enough  turbine  installations  from  which 
extended  experience  can  be  drawn.  The-best.  obtainable  information 
appears  to  indicate  that  the  steam  turbine  may  show  a  saving  over 
the  reciprocating  machine  of  from  30  to  35  per  cent,  of  coal,  and  that 
its  efficiency  extends  over  considerably  wider  ranges  of  load  than  has 
as  yet  been  obtained  in  the  reciprocating  engine.  Table  No.  105  (see 
p.  644)  is  from  a  paper  by  Mr.  E.  H.  Sniffin,  presented  at  the  meeting  of 
the  American  Street  Railway  Association,  October  8, 1892,  and  ^ves  the 
result  of  a  number  of  tests  upon  steam  turbines,  curve  A  showing  the 
brake  H.  P.  and  relative  steam  consumption  per  hoiir,  while  the  curve  B 
gives  the  total  steam  consumption  in  proportion  to  the  total  power. 
Another  marked  advantage  of  the  turbine  is  its  economy  in  floor  space 
and  in  cost  of  foundations.  It  is  found  that  the  turbine  does  not  require 
more  than  80  per  cent,  of  corresponding  vertical  space  and  not  over 
40  per  cent,  of  that  of  horizontal  space  taken  by  a  reciprocating  engine, 
while  the  cost  of  a  turbine  foundation  is  not  more  than  one  tenth  of 
the  cost  of  a  similar  engine  foundation.  To  offset  these  advantages, 
however,  the  cost  of  the  turbine  itself  is  somewhat  greater  than  that 
of  the  reciprocating  machine,  but  it  is  probable  that  increased  experi- 
ence in  the  manufacture,  together  with  inevitable  competition,  will 
sooner  or  later  effect  a  reduction  in  installation  prices. 

757.  The  Cost  of  Produoing  Energy. — The  c>jSt  of  producing 
energy  in  the  various  stations  throughout  the  country  varies  greatly 
with  the  price  of  labor  and  the  cost  of  fuel  The  most  accurate  infor- 
mation upon  this  subject  has  been  calculated  and  compiled  by  Dr.  C. 
E.  Emery,  and  presented  to  Electrical  Engineers  in  the  Transactions 
of  April,  1893.  In  this  paper  Dr.  Emery  summarizes  all  of  the  cost 
entering  into  production  and  maintenance  of  power  for  engines  which 
are  reasonably  well  loaded,  and  for  stations  of  medium  capacity,  say 
500  H.  P.  Taking  Dr.  Emery's  figures  as  a  basis.  Table  No.  106 
has  been  calculated,  showing  the  cost  of  delivering  electrical  energy 
at  the  terminals  of  the  generators  in  the  supply-station.  Two  sets  of 
values  are  here  ^ven:  one  for  3,080  kilowatt  hours  per  annum,  equiva- 
lent to  the  operation  of  the  station  for  308  days  of  ten  hours  each ;  the 
other  is  the  cost  of  the  production  of  7,300  kilowatt  hours  per  annum, 
or  equivalent  to  the  operation  of  the  station  for  365  days  of  20  hours 
each.  In  this  latter  table  such  a  sufficient  margin  in  capitalization 
is  introduced  as  will  provide  for  about  50  per  cent,  extra  machinery 


,y  Google 


644         the  electrical  transmission  of  energy, 
Table  No.  105. 


D,.    ZH.byCOO<^Ie 


THE   COST  OF  PRODUCTION  AND   DISTRIBUTION. 


645 


to  meet  cases  of  break-downs,  and  to  provide  for  special  station  loads. 
In  the  lower  part  of  this  table  these  costs  have  been  further  computed, 
showing,  under  each  circumstance,  and  for  each  of  the  varying  fuel 
prices,  the  cost  of  the  production  of  one  kilowatt  hour. 


Table  No.  106. 
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768.  From  Table  No.  106  it  is  seen  that  the  cost  of  producing  elec- 
trical energy  per  kilowatt  hour  varies  from  a  maximum  of  2.89  cents  to 
a  minimum  of  .95  cents.  The  data  here  given  seems  at  first  sight  some- 
what at  variance  with  that  shown  for  power  cost  in  Table  No.  98,  for 
in  the  latter  table  the  cost  is  given  as  .85  cents.    It  must  be  recollected 
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that  the  power  cost  of  Table  No.  9S  merely  includes  wages,  fuel,  and 
miscellaneous  items,  and  does  not  include  interest  and  depreciation 
upon  central-station  machinery,  which  are  noted  in  Table  No.  106.  It 
is  recorded  that  one  power-station  in  Chicago  has  produced  elec- 
tricity on  the  switchboard  for  45  cents  per  kilowatt  hour,  for  wages, 
fuel,  miscellaneous  items,  and  current  maintenance,  but  for  average 
practice  it  is  safe  to  assume  that  electricity  will  cost  1  cent  per  kilowatt 
hour  at  the  switchboard. 

758.  Water-Power.  —  The  value  of  electricity  as  a  means  of  dis- 
tributing energy  has  been  especially  extolled  in  connection  with  the 
utilization  of  water-powers.  In  many  cases  the  claims  made  for  this 
means  of  dbtribution  have  been  fully  substantiated.  It  should,  how- 
ever, be  recollected  that,  in  most  cases  where  available  water-powers 
exist  in  proximity  to  centers  where  there  is  a  demand  for  power,  the 
water-powers  have  been  already  made  thoroughly  available,  as,  for 
example,  in  many  of  the  rivers  upon  the  Atlantic  Coast,  especially  in 
the  Northeastern  States.  In  the  far  West,  where  water-powers  are 
more  plenty,  settlement  is,  as  yet,  so  sparsely  distributed  that,  even 
were  all  the  necessary  machinery  in  place,  the  power  could  not 
be  sold  for  lack  of  customers.  Some  special  cases  will,  however, 
undoubtedly  from  time  to  time  appear,  as,  for  example,  in  the  present 
undertaking  to  utilize  a  portion  of  the  water-power  of  the  Niagara, 
and  transmit  the  same  to  the  neighboring  cities,  in  which  the  avail- 
ability of  electricity  wiD  prove  itself  of  exceeding  value.  Dr.  Emery 
has  shown,  by  careful  computation,  that  in  many  cases  the  cost  of 
improvement  required  for  the  utilization  of  water-power  reaches  a 
sum  so  lai^  that  the  interest  and  depreciation  upon  the  same,  in  the 
end,  ^gregate  more  than  the  cost  of  power  production  by  means  of 
steam;  and  that  it  b  only  under  very  exceptional  circumstances  that 
a  cost  of  more  than  $140.00  per  H.  P.  obtained  is  justified  as  an  im- 
provement expense. 

So  far  as  station  equipment  expenses  are  concehied,  it  is  found 
that  the  cost  of  water-wheels,  penstocks,  shafting,  etc.,  required  to 
deUver  the  power  to  the  dynamo,  is  very  nearly  as  great  as  that  incurred 
in  steam  machinery.  A  fair  average,  perhaps,  may  be  taken  at  from 
$40.00  to  $75.00  per  H.  P.  rendered  available.  The  actual  cost  of 
water-power  throughout  this  country  is  quite  an  tmcertain  quantity. 
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In  the  New  England  States  the  cost  averages  nearly  $20.00  per  H.  P. 
per  year,  thus  approsdmating  to  the  cost  of  steam-power. 

780-  In  some  of  the  Southern  States,  where  water-powers  are  less 
fully  in  demand,  the  cost  is  lower,  varying  from  {12.00  to  $15.00 
per  annum  per  H.  P.  So,  while  electricity  lends  itself  most  readily 
to  the  transmission  of  power  over  comparatively  long  distances,  the 
financial  outcome  of  the  utilization  of  any  water-power  should  be 
closely  scrutinized,  both  from  the  standpoint  of  the  probable  expense 
of  the  necessary  improvement  required,  and  also  from  the  standpoint 
of  the  ability  to  find  customers  for  the  power  obtained  when  the  develop- 
ment shall  be  complete. 

761.  The  Gas-Engme. — The  internal-combustion  engine,  operated 
either  by  gas  or  some  of  the  petroleum  derivatives,  is  winning  an  envi- 
able reputation  as  a  central-station  prime  mover.  The  usefulness 
of  petroleum-engines  is  so  far  chiefly  confined  to  stations  requiring 
but  small  power  in  locations  where  the  price  of  coal  is  so  great  as 
to  enable  gasoline  or  naphtha  to  become  a  formidable  competitor 
to  coal,  so  that  the  gas-ermine  is  that  form  of  internal-combustion 
engine  which  is  chiefly  interesting.  As  the  gas-engine  requires  no 
boiler,  the  expense  for  land  and  buildings  is  decidedly  decreased. 
The  labor  to  operate  the  central  station  is  economized  by  the  omis- 
sion of  wages  for  firemen,  and  cost  of  handling  ashes  and  coal.  As 
the  gas-engine  may  be  started  and  stopped  in  the  course  of  a  minute 
or  two,  it  is  not  necessaryto  bank  fires  or  to  keep  idle  boilers  under 
steam.  On  the  other  hand  fuel  in  the  form  of  gas  is  usually  much 
more  expensive  than  the  corresponding  cost  of  coal.  Under  certain 
circimistances,  however,  the  gas-engine  is  a  distinct  economy.  Thus, 
the  cost  per  1,000  ft.  of  gas  decreases  very  rapidly  with  the  increase 
in  output,  and  a  gas  company  may,  by  installing  a  gas-engine  and 
thus  becoming  its  own  lai^est  customer,  effect  a  marked  reduction  in 
the  cost  of  producing  gas  and  at  the  same  time  advantageously  sell 
electricity.  It  is  usual  to  consider  that  the  sale  of  the  by-products 
from  the  gas-works  will  largely  offset  the  cost  of  manufacture,  and 
where  this  can  be  accomplished  the  operation  of  the  gas-engine  shows 
distinct  advantages.  The  amount  of  gas  consumed  will  depend 
partly  upon  the  size  of  the  engine  and  partly  upon  the  composition  of 
the  gas.  The  gas  consumption  per  brake  H.  P.  developed  is  shown 
by  Table  No.  107. 
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762.  The  Cost  of  Eleotrioal  Energy  aa  Developed  by  Wind-Power. 
—  In  some  localities,  notably  in  the  Western  portion  of  this  country, 
where  fuel  is  high  priced,  it  is  feasible  to  utilize  wind-power  by  means 
of  windmills  for  the  purpose  of  generating  electricity.  Mr.  G.  H. 
Morse  has  compiled  some  valuable  statistics  regarding  the  cost  of 
developing  power  in  this  way,  which  are  abstracted  in  Table  No.  108. 
Owing  to  the  uncertainty  of  the  wind,  it  is  necessary  to  provide  a  very 
large  margin  in  the  battery  plant,  or  in  times  of  calm  weather  there 
will  not  be  a  sufficient  reserve. 
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Table  No.  108. 
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76S.  Commerolal  OonsldeTatioii  of  TnuumiBsioQ  Froblema. — 
Ev«iy  long-distance  installation,  from  a  constructive  standpoint,  must 
be  regarded  as  made  up  of  three  factors. 

First.  A  generating-station,  includii^  prime  movers  for  utilizing 
the  source  of  energy,  and  dynamo  machinery  for  transfonnit^  mechani- 
cal energy  into  electrical  energy  at  proper  potentials  for  economical 
transmission. 

Second.  The  necessary  line  for  transferring  this  energy  from  the 
generating-station  to  the  receiving-station. 

Third.  The  receiving-station,  embracing  such  dynamo  machinery 
as  is  necessary  to  reduce  the  high  potentials  used  in  the  line  to  con- 
venient voltage  for  distribution  and  use  by  customers. 

The  vital  consideration  in  all  such  installations  then  becomes  the 
cost  of  enei^  deUvered  at  the  receiving-station  by  the  transmission 
plant,  in  comparison  with  the  cost  of  manufacturing  a  similar  amount 
of  enei^  by  some  other  means  at  this  station. 

764.  To  determine  the  cost  of  energy  dehvered  by  the  transmis- 
sion plant,  the  following  items  must  be  taken  as  affecting  the  total 
expense: — 

First.  The  interest  and  depreciation  on  the  necessary  capital 
invested  in  improving  the  water-power,  or  other  source  of  energy, 
and  in  the  purchase  of  the  necessary  machinery,  engines,  dynamos, 
water-wheels,  etc.,  and  in  the  acquisition  of  real  estate  and  erection 
of  buildings  required  for  the  generating-station;  in  other  words,  the 
total  cost  of  the  generating-station. 

Second.  The  cost  of  obtaining  power  at  the  generating-sta- 
tion. This  item  will  include  rent  paid  for  water-power,  or  interest 
on  the  necessary  capital  invested  in  the  purchase  of  water-right.  A 
similar  expense  would  be  the  cost  of  purchase  of  fuel  at  a  location 
where  such  a  low  price  for  coal  could  be  obtained  as  would  seemingly 
warrant  the  installation  of  a  transmission  plant. 

Third.  The  expense  of  energy  at  the  generating-station  is  further 
augmented  by  the  cost  of  such  labor  and  superintendence  as  may  be 
necessary  to  operate  and  maintain  the  plant. 

Fourth.  The  interest  and  depreciation  on  the  cost  of  erecting  the 
line  between  the  generating-station  and  the  receiving-station. 

Fifth.  The  cost  of  energy  lost  in  transmission  between  the  gener- 
ating- and  the  receiving-station. 
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Interest  and  depreciation  on  the  cost  of  the  machinery,  buildings, 
etc.,  for  the  receiving-station,  do  not  enter  into  the  expense  of 
delivering  energy  at  the  receiving-station,  for  the  reason  that,  were 
any  different  arrangements  made  for  obtaining  electrical  energy  at 
the  receiving-station  than  that  of  the  transmission  plant,  a  station  es- 
sentially similar,  so  far  as  this  cost  is  concerned,  would  be  necessary. 

Summarized :  The  cost  of  energy  at  the  receiving-station,  then, 
stands  as  follows  :  — 

First.  Interest  and  depreciation  upon  the  capital  invested  in 
the  generating-station. 

Second.  Cost  of  obtaining  energy  at  the  generating-station. 

Third.    Labor  at  the  generating-station. 

Fourth.    Interest  and  depreciation  upon  cost  of  transmitting  line. 

Fifth.       Losses  in  line  transmission, 

766,  To  determine  the  advisability  of  the  installation  of  a  long- 
distance plant,  it  is  necessary  to  compare  the  probable  cost  of  energy 
delivered  to  the  receiving-station  by  the  long-distance  plant,  with 
the  cost  of  a  corresponding  amount,  as  obtained  at  this  location,  by 
any  other  means.  Should  the  figure  obtained  for  the  cost  of  energy 
by  a  long-distance  plant  be  equal  to  that  required  by  the  manufac* 
ture  of  energy  in  any  other  way,  it  is  evident  that  the  long-distance 
plant  will  stand  on  precisely  equal  footing  with  any  other  installation. 
Should  the  amount  for  production  of  energy  by  a  long-distance  plant 
be  less  than  that  by  other  installations,  the  long-distance  plant  will 
be  profitable  in  that  proportion. 

766.  The  ability  to  produce  energy  at  the  receiving-station  will 
be  limited  to  the  power  derived  by  means  of  a  steam-engine.  Cases 
where  wind,  tidal  power,  or  other  methods  would  be  available,  are  so 
infrequent  that  they  may  be  discarded  without  seriously  affecting 
the  result,  and  attention  confined  solely  to  the  production  of  energy 
at  the  receiving-station,  by  means  of  a  steam-engine,  in  contra- 
distinction to  that  obtained  by  the  transmission  plant.  The  cost  of 
the  production  of  energy  by  means  of  steam-power  is  tolerably  well 
ascertained.  The  cost  of  energy  will  vary  with  the  kind  of  engine, 
the  price  of  coal,  the  rate  of  interest  and  depreciation  upon  the  capi- 
tal invested  in  the  plant,  and  cost  of  necessary  labor.  In  Table  No, 
109  a  series  of  curves  with  necessary  data  is  given,  for  determining 
the  capita]  to  be  invested  in  a  steam-plant,  the  cost    of   perpetual 
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maintenance  of  the  same,  and  the  production  of  power.     The  Table 
is  divided  into  four  parts. 

First.  A  schedule  giving  the  cost  of  steam-plant  per  horse- 
power at  the  engine  and  per  kilowatt  of  energy  delivered  at  the 
terminals  of  the  generator.  In  this  latter  column  the  values  are 
assumed  for  engines  working  at  a  reasonably  steady  full  load,  with 
an  efficiency  of  90  per  cent  in  the  generator.  The  figures  are  those 
which  would  apply  to  fairly  large  installations,  say  from  250  horse- 
power upwards,  and  would  prevail  for  most  locations  east  of  the 
Mississippi  River,  in  this  country.  Special  charges  necessitated  by 
locations  out  of  the  ordinary  have  not  been  considered.  The 
schedule  is  arranged  to  embrace  seven  different  styles  of  engines, 
considered  to  be  those  which  are  more  likely  to  be  used. 

767.  The  second  division  of  the  Table  embraces  a  set  of  curves 
arranged  for  the  purpose  of  calculating  the  interest  and  depreciation 
to  be  allowed  upon  the  steam-plant.  A  separate  line  is  given  for 
each  type  of  engine,  the  horizontal  axis  being  scaled  for  interest 
and  depreciation,  while  the  vertical  axis  gives  the  amount  to  be 
assessed  per  horse-power  per  annum,  for  varying  rates  on  the 
interest  and  depreciation  scale. 

The  third  part  of  the  Table  is  devoted  to  the  cost  of  fuel  and 
supplies  in  dollars  per  horse-power  per  year. 

The  horizontal  axis  here  embraces  the  cost  of  coal  in  tons,  of 
2,240  pounds,  from  *2.00  to  $10.00  per  ton,  while  the  vertical  axis 
indicates  the  corresponding  cost  per  horse-power  per  annum.  It 
should  be  here  noted  that  the  lines  are  so  drawn  as  to  include  the 
cost  of  the  ordinary  amount  of  oil  and  other  minor  supplies  which 
would  be  naturally  required  in  a  steam-plant.  While  these  values 
are  not  absolutely  correct,  as  a  slight  variation  in  the  cost  of  the 
minor  supplies,  in  comparison  with  the  cost  of  coal,  would  make 
slight  changes,  it  is  considered  that  it  is  sufficiently  accurate  for 
ordinary  purpose  of  estimate. 

The  fourth  division  of  the  Table  applies  in  a  similar  manner  to 
rates  of  wages  for  engineer  and  fireman.  On  the  horizontal  axis  will 
be  found  the  rates  per  day  for  engineer  and  fireman,  two  scales,  one 
for  each  class  of  labor,  being  indicated.  The  vertical  axis  gives  the 
wages  cost  per  horse-power  per  annum.  In  each  of  the  divisions  a 
separate  line  will  be  found  for  each  kind  of  engine,  which  may  be 
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readily  identified  on  the  schedule  by  means  of  a  corresponding  initial 
letter,  used  in  each  of  the  divisions.  To  use  the  Table,  select  on 
the  horizontal  axis  the  value  required  ;  follow  a  vertical  line  to  its 
intersection  with  the  line  indicating  the  kind  of  engine  proposed  to 
install,  and  then  follow  a  horizontal  line  to  the  left  to  the  vertical 
axis,  finding  the  value  desired.  This  Table  forms  a  convenient 
means  whereby  the  engineer  may  rapidly  determine  the  probable 
cost  of  energy  per  horse-prnwer  per  annum,  as  developed  by  a  steam- 
plant  erected  at  the  receiving-station.  It  is  now  necessary  to  as- 
certain the  cost  of  energy  delivered  at  the  receiving-station,  when 
obtained  through  the  medium  of  long-distance  transmission,  and 
compare  this  with  the  cost  of  energy  as  obtained  by  means  of  the 
steam-plant.    Sheet  5  gives  a  number  of  cost  items  (Pocket). 

768.  The  factors  composing  the  cost  of  energy  at  the  receiving- 
station,  as  delivered  by  the  transmission  plant,  are  as  follows  :  — 

First.       Interest  and  depreciation  on  cost  of  generating-station. 

Second.   Cost  of  power  at  generating-station. 

Third.     Cost  of  tabor  at  generating-station. 

Fourth.    Interest  and  depreciation  on  cost  of  line. 

Fifth.      Cost  of  energy  lost  in  the  line. 

For  this  purpose,  it  is  convenient  to  refer  to  Table  No.  110. 
The  use  of  this  table,  as  it  is  slightly  complex,  will  he  best  com- 
prehended by  means  of  an  example. 

Assume  the  following  data :  — 

a.  Cost  of  generating-station  per  horse-pewer    .     .       $150.00. 

1.  Interest  and  depreciation  on  generating-station 

per  annum 10  per  cent. 

2.  Cost  of  water  per  horse-power  per  annum     .     .        $16.00 

.3.   Cost  of  labor $2.50  per  day. 

b.  Cost  o£  line  per  mile $1800.00. 

£.    Length  of  line 6  miles. 

4.  Interest  and  depreciation  on  cost  of  line  per 

annum 15  per  cent 

5.  Loss  in  line 20  per  cent. 

d.   Power  transmitted 400  H.  P. 

To  find  cost  of  energy  at  receiving-station. 

769.  Refer  to  Table  No.  110,  finding,  on  the  left-hand  side,  along 
the  vertical  axis,  two  scales,  one  labeled  «  Cost  of  Generating-Plant 
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Table  No.  109  (Conlinued). 
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Table  No.  109   Continued). 
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Table  No.  109  (Continued). 
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per  H.  p."  Taking  this  scale,  proceed  to  $150.00  {a),  the  assumed 
cost  of  the  plant  per  horse-power.  From  $150.00  follow  a  horizontal 
line  (this  example  may  be  readily  traced  by  following  the  dotted 
lines  upon  the  diagram,  which  have  no  reference  to  any  calculations 
excepting  the  particular  example  now  under  consideration)  to  the 
point  of  intersection  of  the  horizontal  with  the  diagonal  line  marked 
"Interest  and  Depreciation"  (1),  and  labeled  "10  per  cent,"  the  as- 
sumed value.  The  amount  of  interest  and  depreciation  is  then  found 
by  following  a  vertical  line  downward  to  the  lower  scale,  marked 
"  Interest  and  Depreciation  on  Generating-Plant  per  H.  P.,"  giving 
$15.00  as  the  interest  and  depreciation  per  horse-power  of  plant 
capacity  per  annum.  It  is  now  necessary  to  take  into  consideration 
the  cost  of  water  per  annum,  which  is  assumed  to  be  $15,00  (2). 

770.  From  the  point  of  intersection  of  the  horizontal  through 
$150.00,  with  the  interest  diagonal  10  per  cent  follow  a  vertical 
line  upwards  to  the  intersection  of  the  diagonal  under  "Cost  of 
Water  per  H.  P.,"  labeled  "$15.00."  Then  follow  a  horizontal 
line  to  the  right  to  the  left-hand  scale  on  the  right-hand  side 
of  the  diagram, — the  scale  labeled  "Interest  and  Depreciation  on 
the  Generating-Plant  plus  the  cost  of  Water  per  H.  P."  The 
value  here  given,  $80.00,  is  the  sum  of  the  first  and  second  items. 
To  include  the  cost  of  labor  (3),  return  to  the  intersection  with  the 
"Cost  of  Water"  diagonal  through  $15,00,  follow  the  horizontal  line 
to  the  right  to  the  intersection  of  the  "  Cost  of  Labor  per  Day  " 
diagonal,  labeled  $2.50.  At  this  point  follow  a  vertical  line  to  the 
extreme  upper  scale  of  diagram,  labeled  "  Interest  and  Depreciation 
plus  Cost  of  Water,  plus  Cost  of  Labor,  or  total  Cost  at  Generating- 
Station  per  H.  P.,"  finding  the  total  value  to  be  $82.60  as  the  cost 
per  horse-power  per  annum  at  the  generating-station.  It  now 
remains  to  find  and  add  to  this  amount  the  cost  of  the  energy  lost  in 
transmission  {5)  between  the  generator  and  the  receiving-station,  and 
the  interest  and  depreciation  on  the  cost  of  the  line,  in  order  to  get 
the  total  expense  of  energy  at  the  receiving-station. 

771.  From  the  intersection  of  the  previous  horizontal  line  with 
the  diagonal  for  the  "  Cost  of  Labor  per  Day,"  marked  "  $2.50,"  fol- 
low a  vertical  line  downward  to  intersection  with  the  diagonal  under 
the  heading  "  Losses  in  Line,"  labeled  "  20  per  cent."  From  this 
point  follow  a  horizontal  line  to  the  right,  to  the  left-hand  scale  on 
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the  right-hand  side  of  the  diagram,  headed  "  Interest  and  Deprecia- 
tion plus  Cost  of  Water,  plus  Cost  of  Labor,  plus  Losses  in  Line." 
Here  the  value  of  $39.00  will  be  found  as  the  cost  per  horse-power 
per  annum  of  energy  delivered  at  the  receiving-station  by  the  trans- 
mission plant,  exclusive  of  interest  and  depreciation  on  the  cost  of 
the  line,  which  figure  it  is  now  necessary  to  ascertain.  The  previous 
amount,  $39.00,  must  be  carefully  noted,  as  it  is  necessary  to 
add  the  amount  of  the  interest  and  depreciation  on  the  line  to  it. 
To  find  this  latter  figure,  return  to  the  extreme  left-hand  vertical 
scale  of  the  diagram  headed  "Cost  of  Line  per  Mile  in  Dollars"  {b). 
Selecting  the  figure  $1800.00,  the  assumed  cost  of  the  line  per  mile, 
follow  a  horizontal  line  to  the  right  to  the  intersection  of  the  diagonal 
marked  (15  per  cent)  (4),  the  assumed  rate  of  interest  and  depreci- 
ation on  the  line,  under  head  "Interest  and  Depreciation."  From 
this  intersection  follow  a  vertical  line  upwards  trf  the  lower  top  scale 
marked  "Interest  and  Depreciation  on  Line  per  Mile,"  obtaining  the 
value  $270.00  as  interest  and  depreciation  on  the  line  per  mile  of 
length.  This  figure  is,  evidently,  not  the  total  amount  necessary  to 
obtain,  as  the  length  of  the  line  is  not  included.  From  the  upper 
left-hand  comer  of  the  diagram  will  be  seen  the  number  of  radiating 
diagonal  lines  headed  "  Length  of  Line  in  Miles  "  ^f).  From  the 
intersection  of  the  previously  mentioned  vertical  with  the  diagonal 
headed  "5  Miles,"  follow  a  horizontal  line  to  the  right,  obtaining,  on 
the  scale  marked  "  Interest  and  Depreciation  on  the  Whole  Line," 
the  figure  $1350.00  as  the  amount  of  this  charge.  As  the  entire 
calculation  is  made  per  unit  of  power,  it  is  evident  that  the  charge 
for  interest  and  depreciation  -on  the  line  must  be  divided  by  the 
total  amount  of  power  transmitted  in  order  to  obtain  the  proper  pro- 
portional charge  per  unit  of  energy  supplied.  To  secure  this  result, 
the  last  obtained  amount  must  be  divided  by  the  amount  of  power 
transmitted,  namely,  400  horse-power  {</).  To  accomplish  this,  return 
on  the  horizontal  line  through  $1350.00,  until  an  intersection  is 
obtained  with  the  diagonal  marked  "400  H,  P."  Here  follow  a 
vertical  line  to  the  lower  top  scale  of  the  diagram  marked  "  Interest 
and  Depreciation  on  the  Whole  Line  per  Horse-Power,"  finding  a 
value  of  ||tS.S7  as  the  amount  for  the  interest  and  depreciation  on  the 
line  per  unit  of  power,  to  be  added  to  the  previously  obtained  cost  of 
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$89.00,  making  a  total  cost  of  $12.87  per  annum  per  horse-power, 
delivered  at  the  receiving-station. 

77a.  In  this  example  the  process  has  been  given  in  extensa 
step  by  step,  in  order  to  familiarize  the  reader  thoroughly  with  the 
workings  of  the  diagram,  and  to  show  that  the  process  may  be 
stopped  at  any  desired  step,  and  used  to  obtain  the  value  of  any 
successive  set  of  items.  If  it  is  wished  to  complete  the  entire  calcu- 
lations without  any  reference  to  the  intermediate  steps,  the  process 
is  as  follows  :  — 

778.  Find  the  cost  of  the  generating-station  per  horse-power  on 
the  left-hand  scale  of  diagram.  In  this  example,  start  at  $150.00, 
follow  a  horizontal  line  to  intersection  with  the  "  Interest  "  diagonal ; 
from  this  point  follow  a  vertical  line  to  the  intersection  with  "  Cost 
of  Water  per  H.  P."  diagonal,  then  a  horizontal  line  to  the  "  Cost  of 
Labor  per  Day"  diagonal,  then  vertical  line  to  the  intersection  with 
diagonal  headed  "Losses  of  Line,"  then  horizontal  line  to  the  right 
to  the  left-hand  scale  on  the  right-hand  side  of  diagram,  finding  the 
figure  $39.00  as  the  "  Cost  of  Power  at  the  Receiving-Station." 

771.  In  a  similar  manner,  to  obtain  the  value  for  "  Interest  and 
Depreciation  on  Cost  of  Line  per  H.  P.,"  start  at  $1,800.00  on  left- 
hand  scale  on  diagram,  follow  a  horizontal  to  intersection  with  the 
"  Interest "  diagonal,  then  the  vertical  to  intersection  of  diagonal 
giving  "  Length  of  Line,"  then  vertical  to  lower  scale  on  top  of 
the  diagram,  giving  $3.37  as  the  total  cost  per  unit  of  power,  for 
"Interest  and  Depreciation  on  the  Line."  Add  these  two  figures  to 
obtain  the  desired  result. 

From  slight  consideration  it  is  evident,  by  these  tables,  problems 
involving  the  commercial  aspect  of  long-distance  transmission  may 
be  rapidly  solved,  providing  the  necessary  data  for  obtaining  the 
constants  are  at  hand. 

776.  Eoonomioal  Conduotor  Seotion.  —  In  long  distance  trans- 
mission, the  cost  of  the  line  rises  to  be  one  of  the  most  important 
factors,  if  not  the  principal  one,  in  the  installation. 

To  determine  the  most  economical  area  for  the  conductor,  the 
principles  given  in  Chapter  XTV.  should  ■  e  used,  and  m^  be  directly 
applied  to  the  greatest  advantage.  The  equation  there  given  for 
finding  the  proper  conductor  area  is  — 

Cr_a-|-^.S-F^. 
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In  this  equation  three  coefficients  must  be  considered ;  namely, 
a,  jS,  and  X. 

By  the  process  of  differentiation  a  disappears ;  so  to  determine 
the  value  of  S,  the  quantities  /S  and  A.  only  need  enter  into  considera- 
tion. The  term  &  is  substituted  for  the  expression  L\b {i  ■\-  d,)  -\- 
¥ {i  -\-  dg)],  involving  the  interest  and  depreciation  to  be  allowed 
upon  the  cost  of  the  conductor,  and  upon  the  structure  used  for 
supporting  or  protecting  it.  Two  rates  of  interest  and  depreciation 
were  allowed,  as  in  the  most  refined  calculations,  especially  those 
involving  the  cost  of  conduit  structures,  the  interest  and  depreciation 
assessed  upon  the  conduit  would  be  different  from  that  on  the  con- 
ductor. For  ordinary  purposes  of  calculation,  as  an  abridgment  of 
the  process,  the  two  rates  may  be  assumed  the  same,  and  the  value 
of  P  considered  tohe  L{i  +  6")  (i  +  d^ ).  The  term  X  involves  the 
amount  of  current  transmitted,  the  resistance  and  length  of  the  line, 
the  interest  and  depreciation  allowed  upon  the  cost  of  the  station 
per  unit  of  output,  and  the  cost  of  producing  the  energy  lost  in  the 
line;  adopting  the  notation  of  Chapter  XIV.,  X  = /^pL[FJC  +  K' 
('■  +  <)  ]■ 

776.  For  the  purpose  of  facilitating  calculations  of  the  most 
economical  conductor  cross-section,  Tables  Nos.  Ill,  112,  and  113 
are  presented  for  determining  the  values  of  the  above  coefficients, 
giving  a  solution  directly  of  the  equation  x  =  V  i/^. 

Tables  Nos.  112  and  113  are  arranged  in  two  parts — part  B  of 
each  Table  being  laid  out  to  a  reduced  scale,  as  compared  with  part 
A.  As  the  scales  in  all  of  the  Tables  are  decimal,  the  range  of  the 
Tables  may  be  extended  in  any  direction  by  multiplying  or  dividing 
by  any  power  of  10.  By  means  of  the  decimal  arrangement  and  the 
'  double  sets  of  values  given,  all  problems  within  ordinary  ranges  may 
be  readily  solved.  As  the  use  of  the  Tables  is  a  little  complicated, 
an  example  will  perhaps  best  elucidate  their  application. 

Returning  to  the  data  given  on  p.  657  used  to  exemplify  the  use 
of  Table  No.  Ill,  and  adding  to  the  constants  there  assumed,  the 
amount  of  current  to  be  transmitted  through  the  line,  200  amperes, 
and  the  length  of  time  this  current  flows  through  the  line,  8,000 
hours  per  annum,  let  it  be  required  to  find  the  most  economical 
cross-section  for  the  conductor. 

777.  The  Tables  have  been  calculated,  by  assuming  the  length 
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of  the  line  to  be  one  mile  of  double  circuit-;  that  is,  a  mile  away  from 
the  station  and  a  mile  back,  making  the  total  actual  length  of  the 
line  two  miles.  It  will  also  appear  that  the  most  economical  con- 
ductor cross-section,  as  determined  for  a  mile  of  double  circuit,  will 
equally  apply  to  a  line  of  any  length,  for  reason  that,  as  the  resist- 
ance increases  directly  in  proportion  to  the  length  of  the  line,  the 
amount  of  energy  wasted  and  the  interest  and  depreciation  on  the 
cost  of  the  line  will  correspondingly  increase  in  the  same  direct  pro- 
portion. 

778.  Table  No.  Ill  serves  to  determine  the  two  constants  inside 
the  brackets;  namely,  FK,  and  K'(i  -J-  d^.  To  determine  the  value 
of  this  latter  quantity,  look  for  the  cost  of  the  generating-station 
along  the  top  scale  of  diagram  labeled  "  Cost  of  the  Generating-Sta- 
tion  per  H,  P„"  or  K' .  In  the  example  under  consideration,  $150.00 
is  assumed  for  the  cost  of  the  station,  while  the  interest  and  depre- 
ciation (/  -f  (/,}  is  given  on  the  diagonals  running  downward  from 
the  right-hand  upper  corner.  From  $150.00  or  "Cost  of  Station" 
follow  a  vertical  downward  to  the  intersection  of  the  di^onal  marked 
■"  ( /  -f-  d^  "  for  the  assumed  rate  of  10  per  cent,  then  follow  a  horizon- 
tal line  to  the  right,  to  the  left-hand  scale  marked  "  K\  i  +  rf,),"  here 
finding  the  value  of  "$15.00"  as  the  amount  of  this  expression. 
Note  this  value.  Now,  to  determine  FK,  having  the  annual  cost  cf 
producing  energy  per  horse-power,  as  obtained  from  Table  No.  110. 
It  must  be  recollected  that  this  cost  per  horse-power,  as  given  by 
Table  No.  110,  is  based  upon  operating  the  station  3,000  hours  per 
annum.  In  order  to  find  the  cost  per  Iwrse-power  hour,  select  on  the 
lower  horizontal  scale,  labeled  "  Cost  of  Energy  at  the  Generating- 
Siation  per  H.  P.,"  the  cost  gathered  from  Table  No.  110,  follow  a 
vertical  line  upward  to  intersection  with  diagonal  line  marked  "  3,000 
hours,"  then  follow  a  horizontal  to  the  right-hand  scale  on  the  right- 
hand  side  of  the  diagram,  finding  the  desired  amount  on  the  scale 
marked  "  Cost  of  Energy  at  Generating-Station  per  H.-P.  hour."  In 
the  example  under  consideration,  from  Table  No.  110,  a  cost  of 
$32.50  was  obtained  as  the  "Cost  of  1  H.P.  for  S,000  hours."  Se- 
lect this  point  on  the  lower  scale,  follow  a  vertical  line  upward  to 
intersection  with  diagonal  labeled  "  3,000  hours,"  then  follow  a  hori- 
zontal to  the  right,  to  the  right-hand  scale,  the  value  of  $.0108  is 
iound  as  the  "  Cost  of  one  H.-P.  hour."     FK  is  the  cost  per  horse- 
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power,  multiplietl  by  the  time  of  operation,  and  is  obtained  from  the 
Table  by  following  a  horizontal  line  to  the  left  from  the  cost  per  horse- 
power hour  on  the  right-hand  scale  till  the  horizontal  intersects  the 
diagonal  marked  with  the  number  corresponding  to  the  annual  time 
of  operation.  Thus,  supposing  the  plant  to  operate  for  5,000  hours, 
following  diagonal  from  the  right-hand  scale  through  ,0108  to  the 
intersection  of  the  diagonal  labeled  "5,000  hours,"  then  a  vertical 
downward  to  the  horizontal  scale,  the  value  of  ii54.16  is  found  for 
FK.  Continuing,  however,  the  original  example  on  the  supposition 
that  the  plant  operates  for  3,000  hours,  the  value  of  $32.50  is  found 
for  FK.  Note  this  value.  The  Table  thus  gives  the  values  of  the 
two  quantities  inside  the  brackets;  namely,  FAT  and  K' {i -\- d^. 
These  two  values  must  now  be  added,  giving  i?47.50  as  the  total  of 
the  quantity  inside  the  brackets. 

779.  Now,  turning  to  Table  No.  112,  the  top  scale  is  labeled 
value  of  FK  -\-  K'(i  +  d^.  The  left-hand  scale  gives  the  values  of 
/Vi.  while  the  lower  scale  gives  the  values  of  PpL  x  \FK-\rK^{i-^d;i\, 
or  the  value  of  X.  On  the  tup  scale  of  the  diagram  find  the  value  of 
FK-^K'{i+d,),  as  obtained  from  T.\hle  No.  111.  Connect  this  point 
with  the  origin  at  the  lower  left-hand  corner  by.a  diagonal  line  (see 
dotted  line).  The  value  of  /V  must  now  be  obtained.  The  con- 
ductor in  this  example  is  assumed  to  be  soft  copper,  to  operate  at  a 
temperature  not  exceeding  30°  C.  Find  upon  the  lower  scale  of  the 
diagram  the  temperature  of  the  conductor,  then  follow  a  vertical  line 
upwards  to  the  intersection  with  the  diagonal  labeled  "  200  amperes 
S.  C."  (soft  copper).  Follow  a  horizontal  line  to  the  left  from  this 
intersection  to  the  left-hand  scale,  from  which  the  value  of  PpL  is 
obtained  as  5.  From  the  intersection  of  this  horizontal  line  with  the 
diagonal  to  the  origin  drawn  from  the  value  of  FK  -|-  K'{i  +  d,),  on 
the  top  scale,  follow  a  vertical  line  downwards  to  the  lower  scale 
labeled  "  Value  of  I^pL  [FK  4-  K'  (i  +  d,)],"  obtaining  here  the  value 
of  this  expression  as  250,  or  the  value  of  K.  The  dotted  lines  on  the 
Tables  serve  to  show  the  course  followed  in  the  solution  of  this  par- 
ticular example,  but  have  no  reference  to  the  solution  of  any  other. 
The  dotted  lines  have  been  drawn  on  both  parts  of  each  diagram,  in 
order  to  show  that  the  same  result  is  obtained  on  each.  The  opera- 
tor should  use  that  section  of  diagram  which  will  give  the  most 
advantageous  scale.     Now,  turning  to  Table  No.  113,  find  upon  the 
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•right-hand  vertical  scale,  headed  "Cost  of  Line  per  Mile,"  the  amount 
■of  capital  invested  in  the  line,  recollecting  that  the  mile  here  referred 
to  is  two  actual  miles  of  circuit.  In  this  case  the  cost  of  the  circuit 
mile  is  $1,800.  Follow  a  horizontal  from  this  figure  to  intersection 
with  the  diagonal  giving  the  determined  rate  of  "  Interest  and  Depre- 
ciation," in  this  example  15  per  cent  being  selected.  From  this 
intersection  follow  a  vertical  line  upward  to  the  top  scale  of  the  dia- 
gram, here  finding  the  value  of  L  \b  (i+d,)  +  l>'  {i  -(-  rf,)],  or  P.  The 
value  here  obtained  is  ¥270.00.  Connect  this  point  by  a  diagonal  with 
the  origin  at  the  lower  right-hand  corner.  From  Table  No.  112,  the 
value  of  A  was  found  to  be  250.  On  the  lower  horizontal  line,  marked 
■"  Value  of  A,"  find  250.  At  this  point  erect  a  perpendicular  until  it 
intersects  the  di^onal  previously  drawn  from  the  point  on  the  top 
scale,  giving  the  value  of  /3  to  the  origin.  The  point  of  intersection 
of  the  vertical  and  this  diagonal  is,  evidently,  the  value  of  A/^. 
From  this  intersection  follow  a  horizontal  line  to  the  left,  until  the 
curve  C  is  intersected,  then  follow  a  vertical  downward  to  the  lower 
horizontal  scale  marked  "Value  of  S,"  here  finding  VWi  o^  ^  sq,  in. 
as  the  most  economical  value  of  the  cross-section  of  the  con- 
ductor. 

Though  the  process  of  using  the  Tables,  as  here  described,  may 
seem  somewhat  complicated,  experience  gained  from  the  solution  of 
half-a-dozen  examples  will  enable  the  operator  to  determine  the  most 
economical  cross-section  of  conductor  in  one-quarter  the  time  that  is 
required  to  read  the  description. 

By  means  of  the  graphical  methods  thus  outlined,  the  designer 
may  rapidly  determine  the  best  cross-section  for  the  conductors  of  a 
transmission  plant  under  any  of  the  usual  limiting  conditions.  A 
careful  comparison  should  always  be  instituted  between  the  section 
thus  ascertained  and  that  indicated  by  each  of  the  various  other  gov- 
erning factors  that  enter  into  every  distributing  problem ;  for  the 
most  economical  conductor  section  is  by  no  means  always  the  most 
advisable  one  to  employ. 

In  the  distribution  of  energy  by  means  of  electricity,  the  prin- 
ciples outlined  form  a  ground-work  sufficient  to  enable  the  designer 
to  so  utilize  materials  and  energy  as  to  attain  the  desired  result. 
Facts  and  laws  are,  however,  like  tools,  the  value  of  the  product 
depending  largely  on  the  skill  of  the  workman. 
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being  a  series  of  articles  reprinted  from  the  "Practical  Engineer,"  &nd  com- 
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cloth.     DIuBtrated.     S2.50. 
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cloth.     IlluBtrated.     Sl.OO. 
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OHM,  G.  S.,  Dr.  The  Galvanic  Circuit  Invertigatal  Mathematically.  Bei^, 
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Science  Series.)    50  cents. 
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RAYHOUD,  E.  B.  Altemating-Cnirent  Engineering,  Practically  Treated.  With 
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niustrated  12rao,  cloth.  »2.25.  Vol.  III.:  Application.  Illnstrated. 
12mo,  doth.    $1.50. 

SCHELLEn,  H.,  Dr.  Magneto-Electric  and  Dynamo-Electric  Machines.  Their 
Construction  and  Practical  Application  to  EHectric  Lighting  and  the  Trans- 
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and  Percy  Neymann,  Ph.D.  With  very  large  Additions  and  Notes  relating 
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SEVER,  G.  F.  Electrical  Engineering  Experiments  and  Testa  on  Direct-Cnmnt 
Machinery.  With  rHagrams  and  Figurej.  Svo,  pamphlet.  Uluatrated. 
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SBWALL,  C.  H.  'Vnnless  Telegraph;.  With  Diagrams  and  Figurea.  Second 
Edition,  corrected.    Svo,  cloth.    Dlmtrated.    $2.00. 

SHELDON,  S.,  Ph.D.,  &nd  HASOH,  H.,  B.S.  DynuDo-Electric  lUchinerr:  lU 
Construction,  Dedgn,  and  Operation.  Direct-<hirrent  Machines.  Fifth 
Edition,  revised.  Illustrated.  Svo,  cloth.  Net,  S2.50. 
Alternating-Current  Machinea;  being  the  second  volume  of  the  authors'  "Dy- 
namo-Electric Machinery:  its  ConHtmctLon,  Deagn,  and  Operation."  With 
many  Diagrams  and  figures.  (Binding  uniform  with  Volume  I.)  Fourth 
Edition.     Illuatrated.     Svo,  cloth.     Net,  J2.50. 

SLOABE,  T.  O'COITOR,  Prof.  Standard  Electrical  Dictionary.  300  Uluitrations. 
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on  the  Applications  of  Electricity  to  Mining  Work.  Illuatrated.  8vo,  cloth. 
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SODDY,  P.  EAdio-activlty:  An  Elementary  Treatiae  from  the  Standpcrint  of  the 
Disintegration  Theory.  Fully  Dluatrated,  and  with  a  complete  ta'jlc  of 
Contents  and  Extended  Index.    Svo,  cloth.    Hlustrated,    Net,  $.300. 

SWraBlTRKE,  JAS.,  and  WORDIITGHAH,  C.  H.  The  Hewarement  of  Electric 
Currents.  Electrical  Measuring  Instruments.  Meters  for  Electrical  Euer^. 
Edited,  with  Preface,  by  T.  Commerford  Martin.  Folding  Plate  and  numer- 
ous Illustrations.     16mo,  cloth.     50  cents. 

SWOOPE,  C.  WALTOIT.  Practical  Lessoos  in  Electrici^:  Principles,  Experi- 
ments, and  Arithmetical  Problems.  An  Elementary  Text-book.  With 
numerous  Tables,  Formulcc,  and  two  lai^  Instruction  Rates.  Fifth  Edition. 
Illuatrated.     Svo,  cloth.     Net,  $2.00. 

THOH,  C,  and  JONES,  W.  K  Telegraphic  Connections,  embracing  recent  methods 
in  Quadniplex  Telegraphy.     20  Colored  Plates.     Svo,  cloth,     $1.50, 

THOMPSOIT,  S.  P.,  Prof.  Dynamo-Etectiic  HacUnery.  With  an  Introduction 
and  Notes  by  Frank  L.  Pope  and  H.  R.  Butler.  Fully  Illustrated.  (No.  66 
Van  Noatrand's  Science  Series.)  60  cents. 
Recent  Progress  in  Dynamo-Electiic  Machines.  Being  a  Supplement  to 
"Dynamo-Electric  Machinery,"  Illuatrated.  I2mo,  doth.  (No.  75  Van 
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Appendices  on  Field-Magnet  and  Armature  ^^ding.  Management  of 
Dynamos  and  Motors,  and  useful  Tables  of  Wire  Gauges.  Illustrated. 
Svo,  cloth.    $2.50. 

TUNZEUUmr,  O.  W.  de.  Electridty  in  Modem  Ufe.  lUustrated.  12mo, 
cloth.    $1.25. 

UITDERHILL,  C  R.  The  Electromagnet:  Being  a  new  and  revised  edition  of 
"The  Electromagnet,"  by  Townsend  Walcott,  A.  E.  Kennelly,  and  Richard 
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niustrated.    $1.C0. 


,y  Google 


ON  BLECTSICAL   SCIENCE.  J 

VKQDHART,  J.  W.  D^'i'^o  Construction.  A  Practical  Handbook  for  the  ua» 
of  Engineer  Constructors  and  ElectriciauB  in  Charge.  Illustrated.  12mo, 
cloth.  S3.00. 
Btecbtic  Sliip-Ligbtlng.  A  Handbook  on  the  Practical  Fitting  and  Running  of 
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